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ABSTRACT 
Cytochrome bo3 ubiquinol oxidase from E. coli is a member of heme-copper oxidase 
superfamily. This trans-membrane enzyme complex catalyzes two-electron oxidation of 
ubiquinol and reduction of molecular oxygen to water. During the process, the protons from 
ubiquinol are released to the periplasmic side of the membrane, whereas the protons used in 
the reduction of O2 are taken from the cytoplasmic side. In addition to the protons involved in 
the redox reaction, the enzyme also translocates four protons from the cytoplasmic side to the 
periplasmic side for each molecule of oxygen reduced. Thus, cytochrome bo3 contributes to the 
electrochemical potential difference across the membrane. During turnover, electrons from the 
ubiquinol pool are first transferred to a ubiquinone cofactor bound at the high affinity binding 
site known as the QH-site, from which electrons are moved one at a time sequentially to the 
low-spin heme b and the CuB-heme o3 catalytic site. In this study, E. coli C43(DE3) auxotroph 
strains were constructed with highly efficient λ-Red recombination system. Wild-type and D75H 
mutant cytochrome bo3 samples with selectively isotope labeled Arg, Gln or His were prepared 
from these C43(DE3) auxotroph strains, and the semiquinone radicals at the QH-site of these 
samples were analyzed by pulsed EPR spectroscopy. Selective 15N labeling has revealed the Nε of 
R71 in the wild type cytochrome bo3 and the Nε of H75 in the D75H mutant cytochrome bo3 as 
the nitrogen atoms that are strongly coupled with the carbonyl oxygen-1 of the semiquinone 
and produce 14N ESEEM features observed in previous studies. Pulsed EPR experiments 
performed on these selectively 15N labeled samples also enabled the investigation of nitrogen 
nuclei weakly coupled to the semiquinone. In addition, three amino-acid pair-wise isotope 
labeled cytochrome bo3 samples were prepared from C43(DE3) auxotrophs for solid-state NMR 
(SSNMR) experiments. The initial SSNMR spectra proved that clean isotope labeling at the 
selected amino acid types was achieved through the use of auxotroph strains. This selective 
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labeling approach dramatically simplifies the SSNMR signals and presents a great possibility to 
accomplish the chemical shift assignments of critical residues at the active site of such a large 
membrane protein complex. Furthermore, several cytochrome bo3 samples with selectively 
isotope labeled ubiquinone cofactors were successfully assembled. The procedure described in 
this study establishes a major step towards structural and mechanistic studies on the 
ubiquinone binding site of cytochrome bo3 by EPR and SSNMR techniques.   
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CHAPTER 1: INTRODUCTION 
1.1 Respiratory Components in Escherichia coli 
Escherichia coli is a Gram-negative bacterium. Being a facultative anaerobic organism, E. 
coli can generate energy not only through aerobic respiration, but also by anaerobic respiration 
or fermentation if oxygen is not available. The respiratory components of E. coli can be viewed 
to be made up of two groups of enzymes: dehydrogenases and terminal oxidases or reductases 
(Figure 1.1) [1]. E. coli possesses a multitude of dehydrogenases each of which oxidizes its own 
specific organic substrate such as nicotinamide ademine dinucleotide (NADH), succinate, lactate, 
formate or pyruvate. Through dehydrogenases, electrons from the donors are transferred to 
terminal oxidases or reductases via the quinone pool of the cytoplasmic membrane. Just as 
diverse dehydrogenases can be expressed to utilize different electron donors, various terminal 
oxidases or reductases allow E. coli to function with a number of electron acceptors such as 
oxygen, nitrate, nitrite and dimethyl sulfoxide (DMSO). Unlike the mitochondrial counterpart, 
the respiratory chain in E. coli lacks quinol:cytochrome c oxidoreductase (bc1 complex) and one-
electron carrier cytochrome c. Thus, the quinone pool serves as the sole electron carrier 
between the dehydrogenases and the terminal oxidases or reductases. 
 In addition to the ability to exploit multiple electron donors and acceptors, several 
isozymes are present in E. coli for many of these substrates. For example, at least five different 
enzymes can transfer electrons from NADH to the quinone pool and three different quinol 
oxidases can be used to reduce oxygen to water [2]. These isozymes can differ not only in their 
catalytic rates, but also in their energetic efficiencies or the amount of energy conserved as the 
proton motive force. Overall, the respiratory chain in E. coli illustrates high degree of flexibility 
in energy production in order to allow the organism to adapt to a variety of environments. 
Accordingly, several regulatory systems operate in E. coli to achieve the appropriate levels of 
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expression of specific dehydrogenases and terminal oxidases or reductases depending on the 
availability of substrates [3, 4]. Fnr, ArcAB, OxyR and SoxRS constitute the most well-known 
components that control the respiration in E. coli. Together, these regulatory systems fine-tune 
the transfer of electrons using selected sets of dehydrogenases and terminal reductases under a 
particular condition. For example, if oxygen is available, enzymes involved in anaerobic 
respiratory pathways and fermentation are repressed, whereas the expression of the 
components in the tricarboxylic acid cycle (TCA cycle), NADH dehydrogenases and terminal 
oxidases are turned on so that most of the electron flow is directed to oxygen through NADH 
(Figure 1.2). 
 
Figure 1.1. The respiratory chain of E. coli is branched at both dehydrogenases and terminal 
oxidases/reductases. Electrons from various substrates are transferred from dehydrogenases to 
the quinone pool. Terminal oxidases and reductases transfer electrons from the quinone pool to 
different electron acceptors. 
The quinone pool in the cytoplasmic membrane of E. coli is made up of three different 
quinones: ubiquinone (UQ), menaquinone (MK) and demethylmenaquinone (DMK) [1, 3]. Each 
quinone consists of two parts: a head group with an aromatic ring, which participates in two-
electron redox reactions, and a hydrophobic tail that is multiple isoprenyl subunits long (Figure 
Oxidases
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Pyruvate
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1.3). The length of the isoprenyl tail is usually a characteristic of an organism. For example, the 
quinones synthesized in E. coli have eight isoprenyl subunits, whereas those found in eukaryotes 
are ten isoprenyl subunits long [5]. The ubiquinone from E. coli is often known as ubiquinone-8 
(UQ8), where the number eight indicates the number of isoprenyl subunits on its tail. The 
respiratory enzymes that reduce or oxidize quinones generally do not distinguish their quinone 
substrates based on their tail lengths, and it has been shown that E. coli can grow normally using 
quinones with different tail lengths [6]. The activity of cytochrome bo3 ubiquinol oxidase is also 
routinely measured with UQ1H2 which has a much shorter tail than the physiological 
counterpart [7, 8]. Many dehydrogenases in E. coli such as NADH dehydrogenases I and II can 
reduce all three types of quinones, whereas some dehydrogenases such as succinate 
dehydrogenase and most terminal oxidases and reductases are restricted to specific quinones 
[3]. Normally, the makeup of the quinone pool varies with the availability of electron acceptors. 
During aerobic respiration, UQ8 operates as the major electron carrier, whereas MK8 and DMK8 
represent the majority of the quinone pool under anaerobic condition [1, 3, 9]. 
 
Figure 1.2. The aerobic respiratory components of E. coli and the generation of proton motive 
force by each complex. 
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Figure 1.3. The structures of quinones and quinols (reduced forms) in E. coli. 
1.2  Energetics of Respiratory Electron Transport Chains 
 The primary purpose of any respiratory electron transport chain is to use the energy 
released from exergonic redox reactions to generate the electrochemical proton gradient across 
the membrane, which then drives many endergonic processes such as ATP synthesis and cellular 
motility. The Gibbs free energy change ( ) from any redox reaction depends on the redox 
potential difference ( ) between the electron donor and accepter couple involved and is 
given by 
  Eq.  1.1 
where  is the number of electrons transferred and  is the Faraday constant. The redox 
potential ( ) of each substrate involved is related to its midpoint redox potential ( ) as well 
as the level of reduction of that particular substrate. Thus, if the concentration of the substrate 
in its reduced form ( ) and that in the oxidized form ( ) are known, its redox potential 
can be determined from the following Nernst equation: 
Ubiquinone-8 Ubiquinol-8
Menaquinone-8
Demethylmenaquinone-8
Menaquinol-8
Demethylmenaquinol-8
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  Eq.  1.2 
where  is the gas constant and  is the temperature in Kelvin. It should be noted that most 
redox reactions involve protons and therefore the values of the corresponding midpoint 
potentials can be varied with the pH unless the proton concentration is explicitly taken into 
account in the Nernst equation. 
Since the objective of a respiratory chain is to generate the proton electrochemical 
gradient across the membrane, the energetics of membrane transport is also important. The 
energy needed to move a proton across a membrane against the electrochemical gradient is 
determined by the proton electrochemical gradient ( ) as follow: 
  Eq.  1.3 
where  and  represent the potential difference and pH difference across the membrane 
respectively and  is the proton motive force usually described in millivolts. Thus,  is 
simply made up of two components: the electrical gradient ( ) and the proton chemical 
gradient ( ). 
If every electron transfer within a respiratory chain results in the translocation of m 
protons across the membrane, the actual free energy change needs to account for both the 
redox reaction and proton transport across the membrane according to following equation [1]. 
  Eq.  1.4 
Not all the respiratory enzymes participate in the generation of proton motive force. For 
example, the reactions catalyzed by NADH dehyrogenase II (NDH-II) and cytochrome bd-II 
oxidase do not result in the translocation of protons across the cytoplasmic membrane (Figure 
1.2) [2, 10]. It is also possible that two isozymes have different efficiencies in their contribution 
to the proton motive force. For example, cytochrome bo3 moves two protons from the 
cytoplasm to the periplasm per electron transfer (2 H+/e–), while cytochrome bd carries out the 
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same redox reaction with half the energetic efficiency of cytochrome bo3 [11, 12]. In general, 
there are two mechanisms employed by the respiratory electron transport chain to couple the 
redox reactions to the generation of proton motive force. In the first mechanism, the 
contribution to the proton motive force is achieved through the precise arrangement of the 
respiratory complexes within the membrane lipid bilayer such that protons from the electron 
donors such as quinols are released to the periplasmic side of the membrane, while protons to 
be used in the reduction of electron acceptors such as oxygen are taken up from the cytoplasmic 
side. This approach initially proposed by Peter Michell [13] is commonly known as the scalar 
mechanism. Cytochrome bd oxidase from E. coli is one of the most characterized enzymes to use 
such an approach. The second mechanism involves enzymes with true proton or ion pumps that 
actively move protons or cations such as Na+ across the membrane using the redox free energy. 
Mitochondrial cytochrome c oxidase was the first complex discovered to incorporate such kind 
of vectorial proton translocation [14]. In E. coli, NADH dehydrogenase I (NDH-I) and cytochrome 
bo3 ubiquinol oxidase are known to employ the scalar mechanism as well as true proton pumps 
to generate the proton motive force [11, 15, 16]. 
1.3 Heme-Copper Superfamily 
 The heme-copper superfamily includes two large and diverse groups of enzymes: heme-
copper oxygen (O2) reductases and heme-copper nitric oxide (NO) reductases [17]. The heme-
copper O2 reductases, which reduce molecular oxygen to water, represent the majority of the 
terminal oxidases in aerobic respiratory electron transport chains of mitochondria and many 
bacteria and archaea. The heme-copper NO reductases catalyze the reduction of nitric oxide to 
nitrous oxide (N2O) and their presence so far has been limited to nitrate- and nitrite-denitrifying 
prokaryotes [18]. The members of the heme-copper superfamily are primarily characterized by 
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the presence of catalytic binuclear center and conserved histidine ligands in their main subunits. 
The NO reductases are different from the O2 reductases in that the former contain Fe instead of 
Cu at the binuclear center and are unable to pump protons. The NO reductases are also missing 
an important tyrosine residue that is post-translationally crosslinked to a histidine ligand to the 
Cu ion in the O2 reductases [17]. Nevertheless, the O2 reductases and NO reductases have 
structurally very similar catalytic sites and it has been reported that many O2 reductases 
including cytochrome bo3 ubiquinol oxidase from E. coli are able to reduce NO although at 
reduced rates [19, 20]. 
 Cytochrome c oxidases found in the inner mitochondrial membrane of eukaryotes and 
cytoplasmic membranes of many prokaryotic organisms belong to the heme-copper O2 
reductase superfamily. In addition to cytochrome c oxidases, many prokaryotic quinol oxidases 
are also classified as heme-copper oxidases. In E. coli, cytochrome bo3 ubiquinol oxidase is a 
heme-copper oxidase, whereas cytochrome bd and bd-II quinol oxidases, despite catalyzing the 
same redox reaction, have no relation to the heme-copper oxidases [1]. All members of the 
heme-copper O2 reductases have the analogous catalytic subunit that contains a six-coordinated 
low spin heme and a binuclear center composed of a high spin heme and a Cu ion known as CuB. 
The two hemes found in each of these terminal oxidases can be of different types such as heme 
b, o and a (Figure 1.4). Each enzyme complex derives its name from the heme types 
incorporated. For example, the heme-copper ubiquinol oxidase from E. coli is known as 
cytochrome bo3 because it possesses a heme b at its low spin heme site and a heme o at its 
binuclear center. The subscript “3” in the nomenclature indicates the heme where the substrate 
oxygen molecule binds. Other widely studied heme-copper terminal oxidases include aa3-type 
cytochrome c oxidases from the inner mitochondrial membrane of eukaryotes and the 
cytoplasmic membranes of Paracoccus denitrificans and Rhodobacter sphaeroides. In addition to 
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the three redox-active metal centers, a unique post-translationally generated crosslink between 
a conserved tyrosine residue and a histidine ligand to the CuB has been observed in all members 
of the heme-copper O2 reductases [21, 22, 23]. 
 
Figure 1.4. The structures of heme types used in heme-copper superfamily. 
Heme b
Heme o
Heme a
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Based on the sequence similarities among the catalytic subunits, the heme-copper 
oxidases have been further subdivided into at least eight families, of which family A, B and C 
represent the majority of the terminal oxidases studied so far [17, 24]. Cytochrome bo3 from E. 
coli and cytochrome aa3 from P. denitrificans, R. sphaeroides and mitochondria all belong to the 
A-family. The mitochondrial oxidase has 13 subunits, three of which are encoded by the 
mitochondrial genome and are analogous to three of the four subunits of E. coli cytochrome bo3 
although the two enzymes have different electron donors [7, 25]. Cytochrome aa3 from 
mitochondria, R. sphaeroides and P. denitrificans have additional metal center called CuA within 
the soluble domain of their subunit II. The CuA consists of two Cu atoms and is the initial 
electron acceptor from cytochrome c [26]. Although E. coli cytochrome bo3 has analogous 
subunit II, it lacks both the CuA domain and the residues involved in the binding of cytochrome c. 
Instead, cytochrome bo3 has at least one and likely two quinone binding sites that are conserved 
among heme-copper quinol oxidases [8, 27]. Despite having different electron donors, both 
cytochrome c oxidases and quinol oxidases from the A-family translocate the equivalent of two 
protons per electron transfer and are generally assumed to share the same mechanism for the 
oxygen reduction and proton pumping. Figure 1.5 illustrates the ubiquinol oxidation as well as 
proton translocation catalyzed by the cytochrome bo3 from E. coli. 
1.4 Mechanism of Heme-Copper Oxidases 
 The heme-copper oxidases play an important role in the energy-conserving aerobic 
respiration and accordingly, they have been subject to overwhelming structural and mechanistic 
studies. The crystal structures of cytochrome c oxidases from bovine [28, 29, 30], P. denitrificans 
[31, 32], R. sphaeroides [33] and Thermus thermophilus [34] have been solved to atomic 
resolution. Cytochrome bo3 from E. coli so far is the only quinol oxidase that has yielded a crystal 
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structure [7]. These structural studies provided not only unprecedented details of the metal 
sites involved in the electron transfer and oxygen reduction, but also structural characterization 
of the proton transfer pathways involved in the oxygen reduction as well as the proton pumping. 
Bacterial oxidases have been invaluable in identifying specific roles played by important residues 
due to their relatively straightforward genetic manipulation [7, 35]. 
 
Figure 1.5. The reaction catalyzed by cytochrome bo3 ubiquinol oxidase from E. coli. The 
electrons from the quinone pool are transferred to a bound ubiquinone at QH-site from which 
electrons are transferred sequentially one at a time to the low-spin heme b and the binuclear 
center made up of the CuB and high-spin heme o3. Molecular oxygen is reduced to water at the 
binuclear catalytic site. The protons from the oxidation of ubiquinol (QH2) are released into the 
periplasm (H+out) while the protons for the oxygen reduction are taken up from the cytoplasm 
(H+in). In addition, the enzyme pumps two protons from the periplasm to the cytoplasm against 
the proton motive force using the free energy available from the redox reaction. 
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1.4.1 Proton Channels 
The heme-copper oxidases are transmembrane complexes and their oxygen reducing 
binuclear center is embedded within the membrane. Since protons from the cytoplasm are used 
in the reduction of oxygen and are also pumped into the periplasm, proton channels lined by 
polar residues form essential mechanistic elements in these enzyme complexes. In oxidases 
from the A-family, it has been established that two proton pathways known as D- and K- 
channels conduct protons from the cytoplasm to the catalytic site. Both channels are located 
within subunit I and are named based on their respective critical residues: D135 and K362 (E. 
coli cytochrome bo3 numbering is used throughout.) (Figure 1.6). The two most important 
residues in the K-channel are K362 located midway and Y288 near the binuclear center. The 
unusual post-translationally modified crosslink between Y288 and H284 is observed in all 
proton-pumping respiratory oxidases, and is likely to play a critical role in the di-oxygen 
reduction at the binuclear center [21, 22, 23]. The D-channel starts from D135 at the entrance 
and ends at E286 near the binuclear center. E286 has been suggested to be a branching point 
from which the protons are transferred either to the binuclear center or to the pump site [21, 
36-38]. Mutagenesis and mechanistic studies have established that K-channel is used for the 
transfer of only some scalar protons, whereas D-channel transports all the pumped protons as 
well as the remaining scalar protons. One remarkable aspect of the proton channels is that they 
are not conserved among heme-copper oxidases. Recent studies strongly suggest that 
cytochrome ba3 (B-family) from T. thermophilus and cbb3 (C-family) from R. sphaeroides and 
Vibrio cholerae possess only one proton input channel located around the same region as the K-
channel of the A-family oxidases [39, 40]. In mitochondrial cytochrome c oxidase, an additional 
proton channel known as H-channel has been implicated in the proton pumping mechanism 
although this particular channel is missing in the bacterial versions [41].  The fact that heme-
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copper oxidases are able to use different proton channels to pump protons has become a major 
restraint to any proton pumping mechanism proposed. 
 
Figure 1.6. The X-ray crystal structure of cytochrome bo3 from E. coli [7]. (A) A cartoon 
representation of cytochrome bo3 showing its subunits (blue-I, orange-II, grey-III and green-IV) 
with the arrows indicating the two proton channels. (B) The residues involved in each proton 
channel and the three metal centers of cytochrome bo3. 
1.4.2 Catalytic Cycle 
In aa3-type cytochrome c oxidases, each electron from cytochrome c is transferred via 
CuA and low-spin heme a to the active site [26]. In E. coli cytochrome bo3 and presumably other 
heme-copper quinol oxidases, electrons from the quinol pool first reduce a bound quinone at 
the QH site from which electrons are transferred to the catalytic site through the low-spin heme 
[42]. Since electrons are transferred one at a time to the binuclear center and four electrons are 
needed to reduce molecular oxygen to water, the catalytic cycle involves multiple intermediate 
states [reviewed in 26, 43, 44]. Figure 1.7 shows the intermediate states of the catalytic site that 
can be monitored by time-resolved spectroscopic techniques. Oxygen binds to the two-electron 
reduced binuclear center or “R” state to give rise to “A” state. “A” state is followed by “PM” state 
within 50 µs during which oxygen has been completely reduced by four electrons, bypassing 
harmful intermediate oxidation states of oxygen such as superoxide and peroxide [45, 46, 47]. 
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H284
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Out of the four electrons used to break the O–O bond, two electrons originate from the heme o3 
and one from CuB. The fourth electron is presumably obtained from the conserved Y288 residue 
in the form of a hydrogen atom. Thus, in “PM” state, the heme o3 iron is in the form of an 
oxoferryl species, and the Y288 residue forms a neutral radical. The formation of “F” state from 
“PM” state is marked by the transfer of one electron and one proton to the active site and the 
translocation of one proton across the membrane. The process takes about 300 µs. Since heme 
o3 is still in the form of oxoferryl in “F” state, the electron must go to the tyrosine radical, 
possibly forming an anion. With one more electron and proton transferred to “F” state, the 
heme o3 iron is reduced to the ferric form, giving rise to “OH” or oxidized state. The transition 
from “F” state to “OH” state takes about 1 ms and also involves the pumping of one proton [26]. 
From “OH” state, subsequent electron and proton transfer results in “EH” state with one-electron 
reduced binuclear center and “R” state with two-electron reduced active site respectively, thus 
completing the cycle. It is now generally accepted that each of these two electron and proton 
transfers is also coupled to the pumping of one proton [48]. 
 
Figure 1.7. The catalytic cycle of cytochrome c oxidase showing the proposed chemical structure 
of the active site of each intermediate [26]. Fe and Cu stand for the iron from the high-spin 
heme and the CuB respectively. The active site also includes the crosslinked tyrosine residue (tyr). 
The transitions involving proton pumping are indicated by the red arrows. 
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The catalytic cycle summarized above can be divided into two phases. The transition 
from “R” state to “OH” state is called oxidative phase. In the oxidative phase, both the protons 
used in the reduction of oxygen at the active site and the pumped protons are transferred 
through the D-channel. During the reductive phase i.e. from “OH” state to “R” state, the two 
protons used to reduce the binuclear center come from the K-channel, and the pumped protons 
are believed to be transferred through the D-channel. Even though the oxidase in the resting 
form is in the oxidized form, reducing the resting oxidase is not coupled to the proton pumping. 
Thus, the resting form of the oxidase is not the same as “OH” state involved in the steady state 
catalytic cycle, and the difference between the two oxidized forms is still not fully understood 
[48]. It should also be noted that the experiments used to study the catalytic cycles are often 
carried out with the fully reduced oxidase instead of the two-electron reduced mixed valence 
form. When oxygen reacts with the fully reduced enzyme, the fourth electron is taken from the 
low-spin heme b instead of the Y288, resulting in “PR” state. “PR” state is spectroscopically 
indistinguishable from “PM” state and is highly unstable because of the extra negative charge at 
the active site. The transition from “PR” to “F” involves only the transfer of one proton to the 
active site from the D-channel [49]. Even though the chemistry of oxygen reduction at the 
catalytic site is well understood, the mechanism of how the electron transfer is coupled to the 
proton pumping, the identity of the “pump” site where the proton to be pumped is kept 
temporarily after it leaves E286 residue and the exit pathway for the pumped protons are still 
yet to be explained. 
1.4.3 The Ubiquinone Binding Sites of Cytochrome bo3  
Since quinones play pivotal roles in respiratory electron transport chains, quinone 
binding sites in these respiratory complexes have been extensively studied. Crystal structures of 
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quinone binding sites are available for several enzymes including bacterial reaction centers 
[reviewed in 50, 51], cytochrome bc1 complexes [reviewed in 52, 53] and succinate 
dehydrogenase [54]. The quione-binding sites can be of two general purposes: reduction (e.g. 
NADH dehydrogenase, succinate dehydrogenase, Qi site in bc1 complex, QA and QB sites in 
reaction center) and oxidation (e.g. Qo site in bc1 complex, cytochrome bo3 from E. coli and 
cytochrome aa3 from Bacillus subtilus). The quinones are two-electron carriers and therefore, 
many quinone binding sites such as the Qi site from bc1 complex and QH site from cytochrome 
bo3 can function as one-electron to two-electron converters and stabilize the one electron 
reduced form of quinones (semiquinones) during the process. Some exceptions include Qo site 
from bc1 complex [52, 53], which operates as a pair-splitter to transfer the two electrons to two 
very different acceptors, and NDH-I from E. coli where a bound semiquinone was recently 
proposed to serve as a gate for proton pumping [55]. It should be noted that Qo site from bc1 
complex is the only mitochondrial quinol oxidation site and yet it employs the quinol oxidation 
mechanism radically different from those found in heme-copper quinol oxidases such as 
cytochrome bo3 from E. coli. 
Evidence so far has suggested that the quinone bound to the cytochrome bo3 from E. 
coli does not exchange into the quinone pool, which leads to the proposal for two ubiquinone 
binding sites known as QH and QL sites with high and low affinities for ubiquinone respectively [8, 
27]. QL site is believed to be the substrate binding site, and the ubiquinone at this site is in 
dynamic equilibrium with the ubiquinone pool of the membrane. On the other hand, the 
ubiquinone at QH site acts as a co-factor similar to CuA site from cytochrome c oxidase, and 
transfers electron from the ubiquinol at QL site to the low spin heme b. Although the crystal 
structure of cytochrome bo3 does not show any bound ubiquinone, cytochrome bo3 solubilized 
in n-dodecyl β-D-maltoside is co-purified with a tightly bound ubiquinone-8 at QH site. The 
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binding of ubiquinone at QH site has been modeled using the coordinates for ubiquinone-2 from 
the photosynthetic reaction center structure, and suggested to involve R71, D75, H98 and Q101 
residues [7] (Figure 1.8). Site-directed mutagenesis and EPR studies have confirmed that these 
residues are critical for the stabilization of semiquinone at QH site [7, 56]. Varying experimental 
data suggested that QL site is located in the subunit II of cytochrome bo3 close to CuA site in 
cytochrome c oxidase [57-60]. However, the crystal structure and mutagenesis studies were not 
able to confirm the location of QL site, and the location of the low affinity quinine binding site 
(QL) is still elusive [7, 8]. 
 
Figure 1.8. The proposed model of the QH site from cytochrome bo3 based on the crystal 
structure [7]. 
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CHAPTER 2: CONSTRUCTION OF E. COLI C43(DE3) AUXOTROPHS USING 
THE λ-RED RECOMBINATION SYSTEM 
2.1 Introduction 
Cytochrome bo3 ubiquinol oxidase has been successfully cloned, expressed and purified 
using Ni-NTA affinity chromatography [1]. In this expression system, plasmid pJRHisA harboring 
the cyo operon (cyoABCDE) contained a histidine tag at the carboxy-terminus of subunit II 
(CyoA). Later, the cyo operon with the histidine tag was cloned into pET-17b plasmid (Novagen) 
to be placed under the control of T7 promoter [2]. The newly derived plasmid (pETcyo) when 
transformed into C43(DE3) strain was shown to give significantly better yields of cytochrome bo3 
from growth in minimal medium and facilitated the preparation of uniformly 13C, 15N labeled 
cytochrome bo3 samples for solid-state NMR (SSNMR) studies [2]. In this chapter, the current 
knowledge in the over-expression of membrane proteins in E. coli is first summarized. Then, 
amino acid biosyntheses in E. coli and the λ–red recombination system are briefly reviewed. 
After that, the procedures used to construct amino-acid auxotrophic C43(DE3) E. coli strains are 
described (section 2.2), followed by the properties of the newly engineered auxotrophs (section 
2.3). These E. coli auxotrophs have allowed us to prepare cytochrome bo3 samples with isotope 
labels at selected amino acid residue types for EPR and solid-state NMR studies, which are 
covered in subsequent chapters. 
2.1.1 Membrane Protein Over-expression in E. coli 
E. coli has a long history as a model system and its genetics and physiology have been 
well characterized. As a protein expression host, E. coli offers a number of advantages such as 
rapid growth in a variety of media and simple development of large-scale cultures. Many tools 
are currently available for genetic manipulation and protein production in E. coli [3]. Thus, E. coli 
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is one of the most commonly used organisms for protein expression, and for soluble 
heterologous proteins that do not involve complex post-translational modifications, expression 
in E. coli is often the first option to provide enough material for biochemical and structural 
studies. 
One widely used protein over-expression system in E. coli takes advantage of the high 
specifity of bacteriophage T7 RNA polymerase to the T7 promoter [4]. In such an expression 
system, the gene encoding the protein of interest is cloned into a plasmid and placed under the 
control of a T7 promoter. The recombinant vector is then transformed into an E. coli strain 
bearing a copy of T7 RNA polymerase gene within its chromosome. BL21(DE3) is one commonly 
used E. coli host where the expression of T7 RNA polymerase is driven by  IPTG (isopropyl-β-d-
thiogalactopyranoside)-inducible lacUV5 promoter [5]. One remarkable feature of this 
expression system is the unusually fast transcription by the T7 RNA polymerase [6]. Thus, once 
the expression of the T7 RNA polymerase is induced by IPTG, the mRNA population encoding the 
target protein increases to such a level that most of the host’s resources become dedicated to 
producing the selected polypeptide. Although the T7-expression system has been successfully 
applied to a wide variety of target genes, it has a few drawbacks such as a small basal activity of 
the T7 RNA polymerase in the uninduced cell, which can prevent the high growth rates of the 
cell if the target gene product is toxic. Another shortcoming associated with the T7-expression 
system is that the host strain must harbor and be able to produce T7 RNA polymerase. Despite 
these drawbacks, the T7-expression system is widely used and genetic tools are available to 
overcome its problems [7, 8]. Another robust protein expression system uses the PBAD promoter 
of the E. coli arabinose operon, which can be induced by arabinose [9]. The advantages of the 
PBAD system include easy and rapid modulation of the target gene’s expression level and high 
compatibility with diverse hosts. 
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Membrane proteins are responsible for numerous important tasks such as cellular 
structural integrity, signal transduction and energy conservation. However, the structural and 
biochemical characterization of membrane proteins remains hugely underrepresented 
compared to the soluble counterparts [10]. One reason is the difficulties typically associated 
with the over-expression of membrane proteins. Membrane proteins usually require helper 
proteins for proper folding and functioning. In E. coli, Sec translocon, which mediates the 
translocation of secretory proteins across the cytoplasmic membrane, is also responsible for the 
integration of membrane proteins into the lipid bilayer. Inducible expression systems such as 
the T7 RNA polymerase or PBAD promoter usually lead to the production of membrane proteins 
more than Sec translocon can handle. Thus, high levels of cytoplasmic aggregates, inefficient 
ATP production due to reduced quantities of respiratory chain complexes and even bacterial cell 
death are often encountered with membrane protein over-expression [11]. Some mutant 
versions of BL21(DE3) immune to the toxic effects of the over-production of membrane proteins 
were selected [12]. These strains widely known as “Walker strains” have been extremely useful 
in the production of membrane proteins including cytochrome bo3 from E. coli [2]. One of them 
is OverExpressTM C43(DE3), which is currently available commercially through Lucigen 
Corporation (Middleton, WI). Recently, it was discovered that mutations in the lacUV5 promoter 
that lead to reduced T7 RNA polymerase expression levels were responsible for the improved 
membrane protein productions in the Walker strains, and by controlling the activity of T7 
lysozyme, the natural inhibitor of T7 RNA polymerase, regular BL21(DE3) strains can be made 
suitable for membrane protein over-expression [13]. 
In summary, E. coli has been a robust host for the production of countless proteins due 
to the accessibility of numerous genetic tools. Over-expression of membrane proteins is often a 
challenging procedure for most E. coli host strains. The derivation of C43(DE3) strain has 
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overcome the difficulties associated with the expression of many membrane proteins. 
Additionally, recent insights into the mutations within the C43(DE3) strain provide a promising 
ground for the over-expression of membrane-proteins in the future. 
2.1.2 E. coli Auxotrophs for Amino-Acid Selective Isotope Labeling 
Amino-acid selective isotope labeling of proteins is a well-known approach to achieve 
simplified experimental data or direct answers to specific mechanistic questions. Selective 
labeling is applied in a number of spectroscopic techniques such as nuclear magnetic resonance 
(NMR), electron paramagnetic resonance (EPR) and Fourier transform infrared (FTIR) 
spectroscopy. Usually, E. coli strains auxotrophic to one or more amino acids are used to 
selectively incorporate those particular residue types [14]. A wild-type E. coli strain has the 
ability to synthesize all twenty amino acids, whereas an E. coli auxotroph typically has an 
essential gene involved in the biosynthesis of an amino acid disrupted such that the auxotroph 
requires that particular amino acid for growth. Thus, the use of a suitable auxotroph with the 
corresponding isotope labeled amino acid added in the growth medium ensures high levels of 
efficiency as well as selectivity in isotope labeling. The biosynthetic pathways of many amino 
acids in E. coli overlap and many amino acids serve as precursors for other amino acids. 
Moreover, several transaminases that are present in E. coli share the catalysis of the final amino 
transfer reactions in the synthesis of many amino acids. Thus, acquiring auxotrophic E. coli 
strains with appropriate genes deleted could be critical in order to carry out successful selective 
labeling of a target protein. 
For each of the amino acids listed in Table 2.1, deletion of one gene is enough to render 
the cell auxotrophic to the corresponding amino acid. It was also reported that the auxotrophs 
derived from the disruption of these genes were suitable for selective isotope labeling of these 
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amino acids [14]. For example, a strain with argH gene deleted can be used to selectively label 
arginine and a hisG knockout strain is suitable for isotope labeling of histidine residues.  
Table 2.1. Amino acids each of which requires the deletion of only one target gene for selective 
isotope labeling 
Amino acid Target gene 
Arg argH 
Cys cysE 
Gly glyA 
His hisG 
Ile ilvE 
Lys lysA 
Met metA 
Pro proC 
Thr thrC 
For amino acids listed in Table 2.2, two or more genes need to be inactivated to achieve 
the auxotrophy to each amino acid [14]. For aspartate and glutamate that are central to the 
metabolic pathways, there is still no guarantee for highly efficient labeling even after a plethora 
of genes are deleted because the resulting mutant strains are likely to grow poorly. Although 
Gln auxotrophy requires the deletion of only glnA, the isotope from glutamine can be scrambled 
to unwanted residue types due to the activity of glutaminases and glutamate synthase, both of 
which can convert glutamine into glutamate [15].  A special attention should be given to amino 
acid types that are substrates to transaminases. For example, an isoleucine auxotroph can be 
obtained by inactivation of either ilvA (encoding threonine deaminase) or ilvE (encoding 
branched chain amino acid aminotransferase), but the ilvE depleted strain would be the 
preferred option to selectively label isoleucine. It is well-known that the reactions catalyzed by 
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transaminases such as the product of ilvE are freely reversible. Thus, with an ilvA mutant strain, 
isotope labels especially 15N from the isoleucine supplemented in the medium can be diverted 
into unwanted amino acids through the action of the ilvE gene product. E. coli produces four 
different transaminases encoded respectively by ilvE, avtA, aspC and tyrB to catalyze the final 
biosynthetic steps of isoleucine, leucine, valine, tyrosine, phenylalanine and aspartate [14, 16-
18]. As illustrated in Figure 2.1, these transaminases share many common substrates and 
therefore, a strain lacking the activity of all four transaminases could be very useful for selective 
isotope labeling of these amino acids. Table 2.3 summarizes the genes involved in the 
metabolism of amino acids along with the names of the enzymes they encode. Many of these 
genes were chosen for removal in this study. 
Table 2.2. Amino acids that require deletion of multiple genes for selective isotope labeling 
Amino acid Target genes 
Ala aspC, avtA, ilvE, tyrB 
Asn asnA, asnB 
Asp asd, asnA, asnB, aspC, tyrB 
Gln glnA, gltB, ybaS, yneH 
Glu argH, aspC, gdh, glnA, gltB, ilvE, proC, tyrB 
Leu ilvE, tyrB 
Phe aspC, ilvE, tyrB 
Ser cysE, glyA, serB, trpB 
Trp trpB, tyrB 
Tyr aspC, tyrB 
Val avtA, ilvE 
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Figure 2.1. The reactions catalyzed by four transaminases of E. coli. These reactions are 
characterized by low specificity. Most reactions can be catalyzed by two enzymes. Except for 
AvtA, the other three transaminases can use multiple substrates. 
In addition to amino-acid selective labeling, it is also possible to selectively label 
cofactors such as hemes or flavins by manipulating the biosynthetic pathways of these cofactors. 
Cofactors can also be referred to as prosthetic groups or coenzymes, and they are almost always 
involved in the catalytic functions of the enzymes to which they are attached. Thus, selective 
labeling of the cofactors can potentially give crucial insights into enzymatic mechanisms. 
Cytochrome bo3 ubiquinol oxidase from E. coli contains heme o and heme b cofactors that  
α-Ketoisovalerate L-Valine
IlvE
Alanine Pyruvate
α-Keto-β-
methylvalerate
L-Isoleucine
IlvE
Glutamate α-Ketoglutarate
AvtA
Glutamate α-Ketoglutarate
IlvE
TyrB
L-Leucineα-Ketoisocaproate
4-Hydroxyphenylpyruvate L-Tyrosine
TyrB
AspC
Glutamate α-Ketoglutarate
Phenylpyruvate L-Phenylalanine
TyrB
AspC
Glutamate α-Ketoglutarate
Oxaloacetate L-Aspartate
TyrB
AspC
Glutamate α-Ketoglutarate
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Table 2.3. Genes involved in metabolism of amino acids in E. coli and their enzyme products 
Gene Enzyme Product Amino Acids Implicated 
argH arginosuccinate lyase Arg, Glu 
asd aspartate semialdehyde dehydrogenase Asp 
asnA aparagine synthetase A Asn, Asp 
asnB aparagine synthetase B Asn, Asp 
aspC aspartate aminotransferase Ala, Asp, Glu, Phe, Tyr 
avtA alanine-valine aminotransferase Ala, Val 
cysE serine acetyltransferase Cys, Ser 
gdh glutamate dehydrogenase Glu 
glnA glutamine synthetase Gln, Glu 
gltB glutamate synthase Gln, Glu 
glyA serine hydroxymethyltransferase Gly, Ser 
hisG ATP phosphoribosyl transferase His 
ilvE branched chain amino acid aminotransferase Ala, Glu, Ile, Leu, Phe, Val 
lysA diaminopimelate decarboxylase Lys 
metA homoserine succinyltransferase Met 
proC l-proline 5-carboxylate reductase Pro, Glu 
serB phosphoserine phosphatase Ser 
thrC threonine synthase Thr 
trpB tryptophan synthase Ser, Trp 
tyrB aromatic amino acid aminotransferase Ala, Asp, Glu, Leu, Phe, Trp, Tyr 
ybaS glutaminase Gln 
yneH glutaminase Gln 
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directly participate in its redox reactions and possibly in proton transfer events as well. In E. coli, 
deleting hemA gene results in auxotrophy to 5-aminolevulinic acid (ALA), a key intermediate in 
the heme biosynthesis [19]. By supplying isotope labeled ALA to a hemA mutant strain, 
derivatives of ALA such as phycocyanobilin, bacteriochlorophyll and bacteriopheophytin can be 
selectively labeled with 13C or 15N isotopes in a protein [20, 21]. A similar approach can also be 
used to selectively label the hemes in cytochrome bo3 for spectroscopic studies. In addition to 
the two hemes, cytochrome bo3 solubilized in detergent dodecyl maltoside has a coenzyme Q-8 
or ubiquinone-8 (UQ8) attached at its high-affinity quinone binding site (QH) where a stable 
semiubiquinone (SQ) can be detected by EPR [22, 23]. The biosynthesis of ubiquinone in E. coli 
has been well studied [24] and therefore, selective isotope labeling of ubiquinone bound to 
cytochrome bo3 can be achieved in a similar manner by using appropriate mutant strains. The 
work to obtain the E. coli mutant strains deficient in ubiquinone biosynthesis and selective 
labeling of ubiquinone in cytochrome bo3 is explained further in chapter 5. 
2.1.3 Inactivating E. coli Chromosomal Genes Using the λ-Red Recombination System 
E. coli auxotrophs for amino-acid selective isotope labeling are generally available and 
have been reviewed by Waugh [14]. However, they are unlikely to be suitable as hosts for over-
expression of membrane proteins. Since C43(DE3) has been successfully used to over-express 
cytochrome bo3 using T7-expression system, it is highly desirable to construct auxotrophs 
derived from the C43(DE3) strains.  
Several approaches exist in order to delete chromosomal genes in E. coli and they can 
be classified into two general groups. The first group includes techniques such as generalized 
transduction and conjugation transfer [25]. In general, these techniques involve the transfer of 
genetic material from a donor strain to a recipient strain and then let the new DNA to 
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recombine into the recipient’s chromosome based on the homology. A bacteriophage called P1 
is widely used in generalized transduction to deliver DNA to a recipient strain. The defective 
gene to be transferred must be located close enough to a selectable marker such as an 
antibiotic resistance gene to have a high frequency of cotransduction. E. coli strains with 
selectable markers adjacent to defective alleles of enzymes involved in amino acid metabolism 
were summarized by Waugh [14]. Although generalized transduction by the bacteriophage P1 is 
very powerful and widely used, this approach is not practical for the current study for two 
reasons. First, efficient homologous recombination requires the donor and recipient strains to 
have closely-matched DNA sequences. Unfortunately, most of the auxotrophs available were of 
E. coli K-12 strain derivatives and they are known to be poor donors for transduction to 
BL21(DE3) strains. The second drawback for P1 transduction is due to the difficulty associated 
with assembling multiple defective genes especially if these defective alleles happen to be 
linked to the same marker. Thus, the work involved in constructing C43(DE3) auxotrophs by P1 
transduction especially for amino acids listed in Table 2.2 can be quite tedious. 
The second general approach of disrupting E. coli chromosomal genes also relies on 
homologous recombination. Instead of transferring defective alleles from donor strains, this 
strategy applies molecular cloning methods to construct recombinant DNA molecules that 
include nucleotide sequences homologous to the regions flanking target genes and can be used 
to replace the target genes with selectable markers. The recombinant DNA molecules are often 
in the form of plasmids since linear DNA fragments are only poorly stable in E. coli due to 
exonuclease activities [26-29]. This approach provides more flexibility compared to the P1 
transduction since it is not limited by the availability of donor mutant strains with appropriate 
markers. As more genome sequences from different E. coli strains become available, the cloning 
of the regions surrounding target genes can be readily performed.  
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During the last decade, a new system has emerged that exploits high recombination 
efficiency of bacteriophage λ-Red enzymes [30, 31]. The unusually high recombination efficiency 
of the λ-Red system ensures that cross-over events can reliably take place with homologous 
sequences as short as 30-50 basepairs (bp). The λ-Red system also possesses auxiliary 
components that stabilize linear DNA fragments in E. coli, and therefore, the construction of 
recombinant plasmids is no longer required. Instead, linear double-stranded DNA molecules for 
homologous recombination can be generated by PCR in one step as shown in Figure 2.2 [31]. It 
should be noted that using linear double-stranded DNA for homologous recombination is not 
new and has been well established in yeast system utilizing the intrinsic DNA double-strand 
break and repair recombination pathway [32, 33].  
Datsenko and Wanner assembled the λ-Red recombination system along with a variety 
of genetic tools to facilitate chromosomal gene deletion in E. coli [31]. In this widely popular 
system, the three genes (γ, β and exo) that make up the λ-Red system have been put under the 
control of a tight arabinose-inducible ParaB promoter in a plasmid named pKD46. The linear 
recombinant DNA can be generated in one PCR step as illustrated in Figure 2.2. The primers 
used in the PCR have two segments each. The 5’ ends of the primers are designed to be 
homologous to the upstream and downstream regions of a target gene while the 3’ ends are 
used to extend and amplify an antibiotic resistance marker. Two different markers sandwiched 
by FLP recognition tags (FRT) were designed with kanamycin resistance gene (kan) and 
chloramphenicol resistance gene (cat) and assembled into pKD4 and pKD3 plasmids respectively. 
After the transformation of the PCR-generated linear recombinant DNA into the cells that have 
expressed the λ-Red enzymes and replacement of the target gene by the antibiotic cassette, the 
antibiotic gene can be readily eliminated by the action of FLP recombinase harbored by another 
helper plasmid named pCP20 (Figure 2.2). The scars left behind after the elimination of FRT-
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flanked resistance markers were designed to contain stop codons in all six reading frames to 
minimize the effects on the downstream genes. The ability to easily eliminate the resistance 
marker is very valuable in the construction of auxotrophs that require multiple genes to be 
knocked out. In addition, both pKD46 and pCP20 plasmids are equipped with temperature-
sensitive replicons so that they can be readily removed after the desired recombination events. 
 
Figure 2.2. Schematics showing the deletion of a chromosomal gene with the λ-Red 
recombination system developed by Datsenko and Wanner [30]. The linear DNA was 
synthesized by PCR using primers whose 5’ ends contain locus-specific homologous sequences. 
Replacement of the target gene by the resistance cassette is achieved by transformation of cells 
that has already expressed the λ-Red system from pKD46 with the linear DNA. If desired, the 
resistance cassette can be removed by the action of Flp recombinase expressed from pCP20. 
The λ-Red recombination system developed by Datsenko and Wanner [31] has been 
successfully applied to E. coli K12 strain [34], BL21(DE3) strain [35, 36], C43(DE3) strain [37] and 
even other prokaryotes such as Vibrio cholerae [38] and Yersinia [39]. In organisms other than E. 
coli, the linear DNA molecules with longer homologous segments (~ 500-1000 bp) were 
transformed into cells with 
λ-Red recombinase (pKD46)
Target
FRT
Resistance cassette
FRT
PCR
FLP recombinase (pCP20)
FRT
FRT
Resistance cassette
FRT
FRT
Resistance cassette
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forward primer reverse primer
+
chromosome
chromosome
chromosome
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necessary probably because the λ-Red system operates with less efficiency [38, 39]. In that case, 
the linear recombinant DNA molecules with long homologous segments were usually generated 
by a slightly more extended procedure known as the 3-step PCR, which is demonstrated in 
Figure 2.3 [39]. In the current study, it was found that linear double-stranded DNA molecules 
with ~500 bp long homologous segments were needed to reliably replace target genes of E. coli 
C43(DE3) strain with resistance markers. The availability of the closely related E. coli BL21(DE3) 
strain’s genome sequence (through personal communication with Jihyun F. Kim from Systems 
Microbiology Research Center, KRIBB, Daejeon 305-806, South Korea) has allowed us to apply 
the λ-Red recombination system for construction of several C43(DE3) auxotrophs. These  
 
Figure 2.3. Generation of linear double-stranded DNA with 500 bp long homologous segments 
for the λ-Red recombination. In the first step, ~500 bp from each end of the target is amplified 
by PCR. Please note that UP.R and DOWN.F primers have 5’ overhands that overlap with the two 
ends of the resistance cassette. The PCR in the second step to generate the linear recombinant 
DNA involves three templates: the resistance cassette and the two PCR products from the first 
step. The last two steps are identical to those in Figure 2.2. 
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newly derived C43(DE3) auxotrophs have been extremely useful for amino-acid selective isotope 
labeling of cytochrome bo3 for EPR and solid-state NMR studies, which are described in 
subsequent chapters. 
2.2 Materials and Methods 
2.2.1 Materials 
Arabinose, amino acids, antibiotics and other chemicals were obtained from Sigma-
Aldrich. pKD64, pKD20, pKD3 and pKD4 plasmids (Table 2.4) were kindly provided by Dr. John E. 
Cronan and Nicholas De Lay from the Department of Microbiology (University of Illinois at 
Urbana-Champaign). Oligonucleotide primers were synthesized by Integrated DNA Technologies 
(Coralville, IA). Platinum pfx DNA polymerase, Taq polymerase, dNTP’s and other PCR chemicals 
were purchased from Invitrogen (Carlsbad, CA). The kits from Qiagen Inc. (Valencia, CA) were 
used for purification of DNA and extractions of plasmids and genomic DNA. The E. coli strains 
and plasmids used are listed in Table 2.4. 
Table 2.4. E. coli strains and plasmids used in the λ-Red recombination 
Strain or plasmid Description Source 
Strains   
C43(DE3) BL21(DE3) with mutation in lacUV5 Ref. 12, 13 
CLY C43(DE3) cyo::kan Ref. 39 
Plasmids   
pKD3 bla FRT-cat-FRT (template for cat) Ref. 30 
pKD4 bla FRT-kan-FRT (template for kan) Ref. 30 
pKD46 bla ParaB gam bet exo ori pSC101 (λ-Red expression) Ref. 30 
pCP20 bla cat d857 λPR flp ori pSC101 (flp expression) Ref. 40 
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2.2.2 Generation of Linear Double-Stranded DNA for Homologous Recombination 
Two different methods were applied to synthesize the linear double-stranded DNA in 
vitro. In the first approach, the forward and reverse primers were designed to include 45 bp-
long segments at their 5’ ends that are homologous to nucleotide sequences directly upstream 
and downstream of the target gene (Figure 2.2). These primers were used to amplify the FRT-
flanked cat cassette with the pKD3 plasmid as the template to obtain the linear DNA molecule 
for the λ-Red recombination. A 50 μL PCR reaction typically included 0.5-1 μL platinum Pfx DNA 
polymerase, 5 μL 10x Pfx amplification buffer, 1 mM MgSO4, 0.3 μM of each primer, 1 μL 
template plasmid and 0.3 mM of each dNTP. After the initial denaturation of the template at 
94 °C for 2 min, the primers were extended in 30 cycles of 94 °C for 30 s (denaturation), Tm-5 °C 
for 30 s (annealing) and 68 °C for 1 min per kb (extension) where Tm is the lower melting 
temperature of the primers. 1 μL of each PCR reaction mixture was applied to 0.8 % agarose gel 
in the presence of ethidium bromide along with a DNA ladder of known lengths to estimate the 
sizes of the PCR products. The DNA bands in the agarose gel after electrophoresis were 
visualized with UV illumination. If the desired product was generated by PCR, the reaction 
mixture was incubated with 1 μL of Dpn I restriction enzyme at 37 °C for 1 h to eliminate the 
template plasmid. The desired DNA band was then purified by extraction from an agarose gel 
using standard kits available from Qiagen. The purified linear DNA dissolved in 40-50 μL distilled 
water was ready for use in the λ-Red recombination. 
In the second approach, each recombinant linear DNA generated had FRT-flanked cat or 
kan region with ~ 500 bp long homologous sequence at each end and was produced by PCR in 
three steps (Figure 2.3). The cat and kan resistance cassettes were amplified by PCR with pKD3 
and pKD4 plasmids respectively as templates and oligonucleotides GTGTAGGCTGGAGCTGCTTC 
and CATATGAATATCCTCCTTAGTTCCTATTCC as the primers. The genomic DNA of E. coli C43(DE3) 
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was extracted with Qiagen’s DNeasy Blood and Tissue Kit according to the manufacturer’s 
instructions. For each target gene, ~500 bp long upstream and downstream homologous 
sequences were amplified by PCR from C43(DE3) genomic DNA (step 1 in Figure 2.3). The PCR 
reactions, verification of the PCR products and purification of the desired DNA fragments were 
carried out as described above. The next PCR reaction consisted of three templates: a resistance 
marker and two homologous sequences overlapping with the marker (step 2 in Figure 2.3). The 
PCR product upon purification was ready for replacement of the target gene by the resistance 
marker in E. coli cells equipped with the λ-Red recombination system.  
Of the primers listed in Table 2.5, only those aimed to delete the ilvE gene was used 
according to the first approach to yield the linear DNA with 45 bp long homologous sequences. 
All the other primers were designed to generate linear recombinant DNA with ~500 bp long 
homologous sequences. 
2.2.3 Preparing the C43(DE3) E. coli cells for the λ-Red Recombination 
First, the E. coli C43(DE3) strain or one of its derivatives, where a chromosomal gene 
was to be deleted, was made electrocompetent as follow. From a frozen glycerol stock, a 2 mL 
LB culture was grown at 37 °C overnight with ~200 rpm shaking speed. The culture grown 
overnight was diluted by 100 folds into 5 mL fresh LB medium and incubated with shaking at 
37 °C for about 2 h until the cell density reaches an OD600 of ~ 0.4-0.6. The culture was then 
cooled in ice for at least 15 min and centrifuged at 4 °C 5000 rpm (SS-34 rotor) for 10 min.  After 
the supernatant was discarded, the pellet was carefully resuspended in 1 mL cold sterile water 
and centrifuged in an eppendorf tube at 4 °C 5000 rpm with a microcentrifuge. The centrifuging 
was repeated twice with fresh cold water and the electrocompetent cells were suspended in a 
final volume of ~ 50 μL. The competent cells were mixed with 1 μL (5-10 ng) of pKD46 plasmid  
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Table 2.5. The PCR primers used in the deletion of C43(DE3) chromosomal targets with the λ-
Red recombination system 
Target Primer Oligonucleotide sequence (5’ to 3’) 
argH 
UP.F CCGTAGGTTTGTTTCTCGGTGACG 
UP.R CTTCGAAGCAGCTCCAGCCTACACTCAATGCCGGAAAGCTGCGCCTC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGAGGCGATTGCTTTTGCGCAGGCTC 
DOWN.R GCTGGTCCGCTCCAGCAACATCAC 
EXT.F AAACCCTGTTGGCATGGGCGAAG 
EXT.R ATCCACCAGCAGCATTCCCGCCTG 
asd 
UP.F ATGACGCCGCTAAAGAATCCCCGTG 
UP.R CTTCGAAGCAGCTCCAGCCTACACTCTTTATTCATTAAATCTGGGGCGCGATAC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGAAGCGTTTTTTCCTGCAAAGATGTGTGCTG 
DOWN.R AGCGGCACGATAAATGGCTCTTCAC 
EXT.F AAACGCGTACCTGTGACGCCATCC 
EXT.R GCGTTCAAGTGCGTTCACCCCTTTC 
asnA 
UP.F AAGATGCTGTAGTGGCCGGTTGTG 
UP.R CTTCGAAGCAGCTCCAGCCTACACTTTTTATACTCCTGCGTCCTGTTGCTTATG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTAATTTATCGCCGCCAGCGTCTGAG 
DOWN.R CGAACGTCCGGTGGTACATAAAGATTAC 
EXT.F TGAACGCGTTGGGATCTACCTGTG 
EXT.R ACGGTTCCTGAGCAGGTTGATGGTC 
asnB 
UP.F CAGAACCTAAATCTGGTGCGTCTACC 
UP.R CTTCGAAGCAGCTCCAGCCTACACGAAATGCGAAACAGCCCCGGTGAAATC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGAACCTTCTCCGTTAACCTGGTATTTGTTG 
DOWN.R TCTGGAAACGATTCTGGTGCTTTCTGG 
EXT.F TCGAACCTGTGACCCCATCATTATGAG 
EXT.R ACACCCACGGGCGCGGTTTTTATC 
aspC 
UP.F CAGCGAACTACGGTGAAACCCGTAAC 
UP.R CTTCGAAGCAGCTCCAGCCTACACGACGAGGTTCCATTATGGTTACAGAAGG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTGAAGCCCGCTGAAAAGCGGGCTG 
DOWN.R GGCGATACCATCAGCATAGGGAATGTG 
EXT.F CTACTGGTCTGAAGTACGACGCGAAC 
EXT.R CTGACGCCAGATCGTTGGCTGAACG 
avtA 
UP.F CGACAAAGCAGCAGAGTTATTAC 
UP.R CTTCGAAGCAGCTCCAGCCTACACAGCGGGATATCTGTCGAACTC 
DOWN.F GGAACTAAGGAGGATATTCATATGAAATTGCCTGATGCGCTACG 
DOWN.R CGTATTCGTGTCATTAAAGACCAC 
EXT.F CTACCTCTCGTCGCATGATAC 
EXT.R AATCAGGATTGCGCTGCGTTG 
cyd 
UP.F GGTAATTTAGCTATAAATTGATCACCGTCG 
UP.R CTTCGAAGCAGCTCCAGCCTACAC CATGACTCCTTGCTCATCGCATGAAGAC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATG GCTCTACACCGCCTGGTGTTACTGG 
DOWN.R GCGCGATTGAGGTTTGGGAATGAGG 
EXT.F CACTGGCAAGCGTAGCGCATCAGG 
EXT.R GTAGACGCGAACCGGCCATCGAAAC 
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Table 2.5 (cont.) 
Target Primer Oligonucleotide sequence (5’ to 3’) 
cyo 
UP.F CAGGAGAGGACTATGGGCAGAGTAATC 
UP.R CTTCGAAGCAGCTCCAGCCTACACCAAAACCTCTCTATTAAAAAGGTGCTACGGCAC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTTAACGACCTCAATTCCACGGGATCTG 
DOWN.R TCGTGCTTGGTGGTTTGCTGGATTATC 
EXT.F GATGCCGATCAGTTCACCACTTTGTC 
EXT.R GAATATCCGGCAGGTTATGCCTTTGC 
hemA 
UP.F AACTGCACGTTACCCGGTTGAGCATTC 
UP.R CTTCGAAGCAGCTCCAGCCTACACGTCTGCGGGAAATAATACCAACGTTGATAG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGCAGTACATCATTTTCTTTTTTTACAGGGTG 
DOWN.R TGATCTCTTTATAACCACCATGTTCACC 
EXT.F AGTTCCATATTGGCAGGCATCGCAGG 
EXT.R ATGCGTAAATCTGCTGGGTTGATGTCC 
glnA 
UP.F TCGATGACCAGCGTCACTTCGTTATCG 
UP.R CTTCGAAGCAGCTCCAGCCTACACGTGTTTTAGTTGCCGTGGAAACTTTTCG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGACTTTAACTCTCCTGGATTGGTCATGG 
DOWN.R TCTCCAAATCGTTGGAGTCCATCACG 
EXT.F TCAGGTAACGCTTTGCTGAGCAGCTG 
EXT.R CAACAATCGGCTTCAGGCCGTAAGC 
hisG 
UP.F GATGTGCTCCGCTTATCAGTCCTAC 
UP.R CTTCGAAGCAGCTCCAGCCTACACTTTCTTATTCCTCTTTAAACCTGTCTGAACC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTCGCCATGAGCTTTAACACAATCATTGAC 
DOWN.R AGCTGCGCCGCATAAAGGATCTC 
EXT.F TTACTCCCGGTAACTTGCCAGCCTC 
EXT.R ATCAGAAGCCACGAAATCCGGCGTAG 
ilvE 
forward CCACATCACAACAAATCCGCGCCTGAGCGCAAAAGGAATATAAAAGTGTAGGCTGGAGCTGCTTC 
reverse TCTGTCTCGTAAATGGGACGGTGCGTGCCGTCCCATTTTTTGTATCATATGAATATCCTCCTTAG 
EXT.F CACCCTTACCGATAACCCCGATTTCCTC 
EXT.R CCTGGATCATCGCATCAACCAGATCG 
lysA 
UP.F TATTTAAGCTGACATCGGGATAACGTGC 
UP.R CTTCGAAGCAGCTCCAGCCTACACAACAAACTCCAGATAAGTGCTTTTTTATGATTACG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGCTGCGGTTAGTCGCTGGTTGCATG 
DOWN.R GCATTGGTTATCTGTGCTCTAACCACTC 
EXT.F TACGGGAAAGGCTGATGTAGTTCTCAC 
EXT.R TGCGTTGGTCGTCCATGCCAAAATG 
metA 
UP.F AACCGCCTGCTCATTTTGCTCATTAACG 
UP.R CTTCGAAGCAGCTCCAGCCTACACAACCTGATTACCTCACTACATACGCTTATACG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTCTTCTGTGATAGTCGATCGTTAAGCG 
DOWN.R CCAATCAGCATTGCGAATGGAAGCTG 
EXT.F CATCAAATAAAGCGAAAGGCCATCCGTC 
EXT.R CATTAGTGTAACTGATGGTGCCGTTAACC 
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Table 2.5 (cont.) 
Target Primer Oligonucleotide sequence (5’ to 3’) 
recA 
UP.F CACGATAGAGCAGAAAACGCTGGATC 
UP.R CTTCGAAGCAGCTCCAGCCTACACTCGTCTTGTTTGATACATAAGGGTCGCATC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTTTTACTCCTGTCATGCCGGGTAATACC 
DOWN.R ACCGTAACAACTGCTGAGTCTTGTACC 
EXT.F CGCCAAATCTCCTGGATATCTTCCATC 
EXT.R CTGATGCAGTTAAGCGAACAGGTTGG 
thrC 
UP.F CACCGTGTTTTCTTGGTGGTATGCAG 
UP.R CTTCGAAGCAGCTCCAGCCTACAC TTAGTTTTCCAGTACTCGTGCGCCC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATG TCATTATCTCAATCAGGCCGGGTTTGC 
DOWN.R ATTTAGCGGTGATGTTTGCCTGGACC 
EXT.F AGCAAATTCCAGTGGCGATGACTCTG 
EXT.R AAGCTTCCTCCAGCAATGGCGAAC 
tyrA 
UP.F CCATGCCGGTTGGTTTTAAAAACGGCAC 
UP.R CTTCGAAGCAGCTCCAGCCTACACAATAAACCTCTTAAGCCACGCGAGCCGTC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTAATCCAGTGCCGGATGATTCACATCATC 
DOWN.R TGCGGCAATGGAAAAGGTTGCACAGG 
EXT.F GGTCAGCAATTGGTGCTCGTACAACG 
EXT.R GTCTACAGCCATCCGCAGCCATTC 
tyrB 
UP.F CGTAGACTTAGGTCCACAGGCGCAGG 
UP.R CTTCGAAGCAGCTCCAGCCTACACGCGATGGTTCTCCAGGTTTAC 
DOWN.F GGAACTAAGGAGGATATTCATATGTGCAGGAAAGCAGGCTGGAG 
DOWN.R GCACGCTTTGCTGTTTTGCCGAGGAGG 
EXT.F TGATACCCGTCTTGGCGTAG 
EXT.R TACCTGTTGAGCTAGATGCAC 
ubiA 
UP.F GCAACTGCGTGCGCTGCGCTATTG 
UP.R CTTCGAAGCAGCTCCAGCCTACACATTTTTTTCCTCTTAGTACAACGGTGACG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGTGATGTAAAAAAGCCGGATGATCATCC 
DOWN.R GAGTTGCATATCAACCCGGCGCATTC 
EXT.F GTAACGGAGAGTTCGGCATGTCACAC 
EXT.R GATGCAACGTCAGGGGCTGATTACC 
ubiC 
UP.F GAGTGGATTCGTAGTGATGATGTTTCACC 
UP.R CTTCGAAGCAGCTCCAGCCTACACGCCGAACTCTCCGTTACATAACGTAAAG 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGGAGGAAAAAAATATGGAGTGGAGTCTGACG 
DOWN.R TCAATGGCACCGACTCACTCACAGC 
EXT.F TCCGTTCTGGCCGTAAAACTGGTGATG 
EXT.R CACCAGAATTGACCAGTAATATCCCCAGC 
waaP 
UP.F TGCAGACTTTGACCCCGTAACGACC 
UP.R CTTCGAAGCAGCTCCAGCCTACACTTTCCGGAGAGAAATATGAGTGCCCAC 
DOWN.F GGAATAGGAACTAAGGAGGATATTCATATGCCGTTATGATATCCGCCGCTTTCTCTG 
DOWN.R TGTTGCAGGTCGGTTCAGACTTCACG 
EXT.F TCAGCAAGCATCGACATCGCTTTAGC 
EXT.R ACACAGCTGCTGATGCTGACAGATAAGC 
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and electroporated at 2 KV in a 2 mm cuvette with a Biorad Gene Pulser. The cells were 
immediately mixed with 1 mL LB or SOC medium, transferred to a culture tube and incubated 
with shaking at 30 °C for 1.5 h. It should be noted that after transformation with pKD46, the cells 
were incubated at 30 °C instead of 37 °C due to the temperature-sensitive replicon in pKD46. 
About 100 μL of cells was spread onto an LB-agar plate with 100 μg/mL ampicillin (Amp) and 
incubated at 30 °C. Colonies transformed with pKD46 normally appeared on the plate after 
about 16-20 h. A colony was then inoculated into 2 mL LB (Amp) medium and incubated at 30 °C 
with shaking for 8-12 h. A frozen glycerol stock was prepared for the cells with pKD46 and stored 
at –80 °C. In order to express the λ-Red enzymes, the cells with pKD46 grown after ~ 10 h were 
diluted by 100 folds into a fresh 5 mL LB (Amp) medium with 0.2 % l-arabinose and incubated at 
30 °C with shaking for 4 h. The cells were made electrocompetent by washing with cold sterile 
water three times as described above. The cells were immediately used for electroporation with 
the linear recombinant DNA prepared as described in section 2.2.2 or stored in 50 μL 10 % 
glycerol at – 80 °C for future use.  
2.2.4 Selection of New C43(DE3) Strains with Target Genes Deleted 
The electrocompetent cells with the λ-Red recombination system already expressed 
were resuspended in 40-50 μL (1-2 μg) linear double-stranded DNA with homologous sequences 
synthesized as described in section 2.2.2 and electroporation was carried out as described above. 
The cells were immediately mixed with 1 mL LB or SOC medium and incubated at 37 °C with 
shaking for 1 h. The cells were then incubated at room temperature for 8-12 h before being 
spread onto an LB-agar medium with 20 μg/mL chloramphenicol (Cm) or 50 μg/mL kanamycin 
(Km) in order to select new strains with the target gene replaced by cat or kan cassette 
respectively. The solid medium was incubated at 37 °C for at least 15 h and sometimes as long 
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as 2 days. The colonies that appeared were grown in 15 mL culture tubes with 2 mL LB (Cm or 
Km) medium at 37 °C with shaking for 8-12 h. Each culture was then streaked onto non-selective 
LB-agar medium (without antibiotics) and incubated at 37 °C for 12 h. Two colonies from each 
new strain were selected and after each was grown in 2 mL LB (Cm or Kan) medium at 37 °C 
with shaking for 8-10 h, frozen glycerol stocks were prepared and stored at – 80 °C. 
2.2.5 Deletion of Antibiotic Markers by Flp Recombinase 
Each new C43(DE3) strain, where a target gene had been replaced by a FRT-flanked cat 
or kan cassette, was transformed with pCP20 by electroporation using the procedure described 
in section 2.2.3. The pCP20 has a temperature-sensitive replicon similar to pKD46. Thus, the cells 
transformed with pCP20 were selected by Amp at 30 °C. The cells were then grown in LB 
medium without antibiotics at 37 °C with shaking for 8-10 h to initiate the expression of Flp 
recombinase, and each culture was streaked to LB-agar medium without antibiotics and 
incubated at 37 °C for 12 h. The colonies that appeared were checked for their resistance to 
Amp as well as Cm or Km to verify the elimination of cat or kan markers as well as the pCP20 
plasmid. The new strains were then stored at – 80 °C as glycerol stocks. 
2.2.6 Verification of Deletion of the Target Genes 
The genomic DNA was extracted from each new strain with Qiagen DNeasy Blood and 
Tissue Kit, and the regions adjacent to the target gene were amplified by PCR using target-
specific EXT.F and EXT.R primers (Table 2.5) located upstream and downstream of UP.F and 
DOWN.R respectively in order to cover the target chromosomal regions including the 
homologous sequences. A control PCR reaction was also run with the genomic DNA template 
from the original C43(DE3) strain. Usually, the antibiotic marker had the length different from 
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the target gene it replaced and therefore the deletion of the target gene was confirmed with 
separation on an agarose gel after electrophoresis. If the target gene happened to have a size 
similar to the marker, its deletion was confirmed with the same PCR reaction after the marker 
was removed by Flp recombinase as described in section 2.2.5. In addition to verification by PCR, 
deletion of many target genes resulted in strains with additional amino-acid auxotrophy. For 
those genes, their deletions were also verified by the requirements of additional amino acids in 
minimal growth medium as explained in the following section. 
2.2.7 Testing the Amino-Acid Auxotrophy of New C43(DE3) Strains in Minimal Medium 
M63 minimal growth medium contained 7 g/L K2HPO4, 3 g/L KH2PO4, 8.3 mg/L 
FeSO4.7H2O, 2 g/L NH4Cl, 2 g/L d-glucose, 10 mg/L thiamine-HCl, 1 mM MgSO4 and 10 μM CuSO4 
and was prepared as described previously [2]. 20 μg/mL chloramphenicol (Cm) and 50 μg/mL 
kanamycin (Km) were also added as necessary. Appropriate amino acids were added at the 
following approximate concentrations: 105 mg/L Arg, 42 mg/L Asn, 40 mg/L Asp, 731 mg/L Gln, 
16 mg/L His, 39 mg/L Ile, 39 mg/L Leu, 44 mg/L Lys, 45 mg/L Met, 50 mg/mL Phe, 36 mg/L Thr, 
0.5 mM Tyr and 35 mg/L Val. 
2.3 Results and Discussion 
2.3.1 Amino-Acid Auxotrophs Derived from E. coli C43(DE3)  
The first target gene chosen to be deleted by the λ-Red recombination system was ilvE 
because its deletion would give rise to an isoleucine auxotroph and isoleucine was one of the 
first two amino acids selected to be labeled in cytochrome bo3 for solid-state NMR studies. 
(Please see Chapter 4 for more detail.) The linear recombinant DNA generated by PCR in one 
step had 45 bp long segments at the ends that were designed to recombine into the 
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chromosome of C43(DE3) and replace ilvE with cat (Figure 2.2). However, the selection of the 
new recombined strains in LB-agar (Cm) medium did not yield any colony for the first few trials. 
After multiple trials, a single colony emerged from a plate that had been incubated for four days 
at 37 °C. The deletion of ilvE was confirmed by sequencing of the PCR product generated as 
described in section 2.2.6. The new strain was named ML2 (Table 2.6) and it required isoleucine 
for growth in minimal medium in agreement with the phenotype expected for an ilvE deleted 
strain [14]. 
 Even though ilvE was successfully replaced by cat cassette in ML2 strain, it took multiple 
trials to obtain a single mutant strain. The colony also took four days to finally appear on the 
selection LB-agar medium indicating that the recombination process was not efficient and very 
slow. Much higher efficiency of homologous recombination in E. coli K-12 strains using the same 
λ-Red system was reported [31, 34]. The significantly lower success for homologous 
recombination observed in this study is likely to be due to the E. coli C43(DE3) strain, in which 
the λ-Red system seems to be less effective. One strategy to improve the efficiency of the 
homologous recombination is to extend the homologous regions in the linear DNA used for 
recombination. In fact, the λ-Red system has been successfully applied to organisms other than 
E. coli with 500-1000 bp homologous segements [38, 39]. Thus, deletion of the second target 
(avtA) in C43(DE3) was carried out with ~500 bp long homologous segments on the linear 
recombinant DNA as outlined in Figure 2.3. At the first trial, several dozens of colonies were 
obtained in less than 24 h from the LB-agar (Cm) medium used to select the mutant strain, 
where avtA had been replaced by the cat marker. The result indicated that the use of ~500 bp 
homologous regions in the linear DNA improved the recombination efficiency of the λ-Red 
system markedly. The new avtA-deleted strain was named ML4, and it was confirmed to be a 
valine auxotroph (Table 2.6). 
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 Since homologous recombination by the λ-Red enzymes takes place more reliably with 
~500 bp long homologous regions in the linear DNA, deletions of subsequent genes were carried 
out with the longer homologous segments. Except for the ML2 strain, all the other C43(DE3) 
mutant strains listed in Table 2.6 and Table 2.7 were created with the longer homologous 
sequences for the λ-Red recombination. Of the 21 target genes listed in Table 2.5, 19 of them 
were successfully replaced by either cat or kan markers. It should be noted that many of the 
new mutant strains listed in Table 2.6 were derived from CLY strain, a C43(DE3) strain where 
part of the cyo operon had been replaced by kan marker through P1 transduction [40]. These 
mutant strains lacking the cyo operon are useful for the over-expression of cytochrome bo3 
mutant enzymes. Except for the kan marker at the cyo locus, the kan and cat markers inserted in 
all the mutant strains were flanked by directly repeated FRT sequences. In strain ML23, the kan 
marker at the cyo operon was replaced by the FRT-flanked cat cassette. Through the action of 
Flp recombinase expressed from the pCP20 plasmid as described in section 2.2.5, these FRT-
flanked markers have been removed from most strains listed in Table 2.6 and Table 2.7. The 
ability to readily eliminate the markers allowed the same markers to be used in the deletion of 
subsequent targets. In this way, it became possible to assemble mutant C43(DE3) strains lacking 
as many as eleven genes. 
 Two of the target genes, tyrB and asd, were not deleted by the λ-Red system despite 
multiple attempts. Although numerous colonies appeared on the LB-Agar (Cm or Km) selection 
medium in each case, PCR amplifications of the target loci suggested that the genes remained 
intact and the antibiotic markers were inserted into unknown regions. Efforts to replace either 
tyrB or asd with different homologous sequences yielded similar outcomes. The results indicate 
that the sequences at the target loci have higher probabilities to be recombined into different 
regions of the chromosome. Currently, there is no satisfactory explanation on the exact causes 
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of these phenomena. The subject was not pursued any further because other approaches to 
inactivate the target genes exist. 
It is well known that the tyrB gene responsible for the activity of aromatic transaminase 
can be fully repressed in the presence of Tyr in the medium [42]. The growth of ilvE-deleted 
C43(DE3) strains in the minimal medium suggested that these strains behaved like leucine 
auxotrophs in the presence of Tyr. The results in Figure 2.4 demonstrated that addition of Tyr 
into the medium stopped the growth of ML12, which was restored when Leu was added into the 
medium. This observation is consistent with the understanding that the cells lacking the 
activities of both ilvE and tyrB require Leu to grow in minimal medium. Even though the λ-Red 
recombination system did not remove tyrB, the phenotype of a tyrB-deleted strain can be 
mimicked by the addition of Tyr in the growth medium. Thus, all the ilvE-deleted strains listed in 
Table 2.6 are suitable for selective isotope labeling of Leu as long as enough Tyr is supplemented 
into the growth medium. 
  
Figure 2.4. The growth rates of ML12 strain in M63 minimal medium with different 
combinations of amino acids added. ilvE, avtA and aspC were deleted in ML12, which required 
Ile and Val for growth. When Tyr was present, the strain required Leu for growth indicating the 
repression of tyrB. The addition of two other amino acids, Asp and Phe, which are known 
substrates of the transaminases, did not affect the growth. 
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Table 2.6. C43(DE3) amino-acid auxotrophs constructed with the λ-Red recombination system 
Strain Precursor Strain Genotype Amino acid requirement 
ML2 CLY cyo::kan ilvE Ile, Leu* 
ML3 CLY cyo::kan hisG His 
ML4 C43(DE3) avtA Val 
ML6 ML2 cyo::kan ilvE avtA Ile, Leu*, Val 
ML8 CLY cyo::kan argH Arg 
ML12 ML6 cyo::kan ilvE avtA aspC Ile, Leu*, Tyr#, Val 
ML14 C43(DE3) tyrA::cat Tyr 
ML17 C43(DE3) glnA Gln 
ML18 CLY cyo::kan glnA::cat Gln 
ML21 ML14 tyrA hisG Tyr, His 
ML22 ML12 cyo::kan ilvE avtA aspC hisG Ile, Leu*, Tyr#, Val, His 
ML23 ML22 cyo::cat ilvE avtA aspC hisG Ile, Leu*, Tyr#, Val, His 
ML24 ML23 cyo ilvE avtA aspC hisG asnA Ile, Leu*, Tyr#, Val, His 
ML25 ML24 cyo ilvE avtA aspC hisG asnA asnB Ile, Leu*, Tyr#, Val, His, Asn 
ML26 ML23 cyo ilvE avtA aspC hisG argH Ile, Leu*, Tyr#, Val, His, Arg 
ML30 ML26 
cyo ilvE avtA aspC hisG argH 
glnA::kan 
Ile, Leu*, Tyr#, Val, His, Arg, 
Gln 
ML31 ML26 cyo ilvE avtA aspC hisG argH metA 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met 
ML32 ML8 cyo::kan argH glnA Arg, Gln 
ML34 ML32 cyo::kan argH glnA hisG Arg, Gln, His 
ML36 ML23 cyo ilvE avtA aspC hisG metA Ile, Leu*, Tyr#, Val, His, Met 
ML38 ML31 
cyo ilvE avtA aspC hisG argH metA 
asnA::kan 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met 
ML39 ML38 
cyo ilvE avtA aspC hisG argH metA 
asnA::kan asnB::cat 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met, Asn 
ML40 ML31 
cyo ilvE avtA aspC hisG argH metA 
lysA::kan 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met, Lys 
ML41 ML40 
cyo ilvE avtA aspC hisG argH metA 
lysA thrC 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met, Lys, Thr 
ML42 ML41 
cyo ilvE avtA aspC hisG argH metA 
lysA thrC asnB 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met, Lys, Thr 
ML43 ML42 
cyo ilvE avtA aspC hisG argH metA 
lysA thrC asnB asnA 
Ile, Leu*, Tyr#, Val, His, Arg, 
Met, Lys, Thr, Asn 
ML44 ML36 
cyo ilvE avtA aspC hisG metA 
thrC::kan 
Ile, Leu*, Tyr#, Val, His, Met, 
Thr 
ML45 ML44 
cyo ilvE avtA aspC hisG metA thrC 
lysA 
Ile, Leu*, Tyr#, Val, His, Met, 
Thr, Lys 
ML46 ML45 
cyo ilvE avtA aspC hisG metA thrC 
lysA asnA::kan 
Ile, Leu*, Tyr#, Val, His, Met, 
Thr, Lys 
ML47 ML46 
cyo ilvE avtA aspC hisG metA thrC 
lysA asnA::kan asnB::cat 
Ile, Leu*, Tyr#, Val, His, Met, 
Thr, Lys, Asn 
* In the presence of 0.4-1 mM Tyr, tyrB is repressed and Leu is required for growth in minimal medium. 
# Addition of 0.4-1 mM Tyr represses tyrB, and these strains can be used for isotope labeling of Tyr. 
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The asd gene encodes aspartate semialdehyde dehydrogenase, which participates in the 
biochemical conversions of L-aspartate into diaminopimelic acid (DAP), Lys, Met and Thr [43]. 
The deletion of asd is highly desirable in selective isotope labeling of Asp to prevent the isotope 
from scrambling to Lys, Met and Thr residues. DAP is an essential intermediate in the 
biosynthesis of peptidoglycan of all Gram-negative bacteria, and therefore, the medium must be 
supplemented with 10-100 μg/mL DAP for the growth of asd mutant strains. Since attempts to 
delete the asd gene in C43(DE3) strains did not succeed, another approach is to delete lysA, 
metA and thrC genes to create a Lys-Met-Thr auxotroph. Such E. coli C43(DE3) mutants have 
been created by the λ-Red system (Table 2.6). 
In summary, the auxotrophs created in this studies can be used for selective isotope 
labeling of several amino acids including Ile, Leu, Val, Tyr, His, Arg, Gln, Met, Lys, Thr, Asn and 
Asp. Since these auxotrophs are derived from C43(DE3) strains, they are extremely useful in the 
over-expression of membrane proteins with T7-expression system. These new C43(DE3) 
mutants have been used in the present study to prepare selectively isotope labeled cytochrome 
bo3 for EPR and solid-state NMR experiments, which are described in the subsequent chapters. 
2.3.2 C43(DE3) Mutants Other Than the Amino-Acid Auxotrophs 
In addition to amino-acid auxotrophs, other C43(DE3) mutants were created that can 
assist in the present or future studies. These strains were listed in Table 2.7. Strains with cyo and 
cyd deletions are useful for the production of mutant cytochrome bo3 and cytochrome bd 
respectively. recA deletion was also generated for the cyd mutant strains to prevent the 
recombination of the cyd operon from expression plasmids with the chromosomal app operon 
encoding cytochrome bd-II. Alternatively, an app mutant can be made in the future to be used in 
the production of cytochrome bd and bd-II.  
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The product of waaP gene is involved in the biosynthesis of the core oligosaccharide, a 
component of lipopolysaccharide that makes up the outer membrane [44]. Its function is critical 
for the integrity of the bacterial outer membrane. Deletion of waaP results in deep-rough 
phenotype characterized by higher sensitivity to novobiocin and sodium dodecyl sulfate. A waaP 
mutant can be potentially very helpful in the selection of cytochrome bo3 mutants resistant to 
quinone-analogue inhibitors due to its higher outer-membrane permeability of the inhibitors. 
The selected cytochrome bo3 mutants can be used in further characterization of the ubiquinone 
binding sites in cytochrome bo3.  
Cytochrome bo3 includes cofactors such as hemes and at least one hydrogen bonded 
ubiquinone. These cofactors play pivotal roles in electron and proton transfer reactions, and 
selective isotope labeling of these cofactors can be extremely valuable to a variety of 
spectroscopic studies. ML29 listed in Table 2.7 is a hemA mutant strain and auxotrophic to ALA. 
It can be useful in selective isotope labeling of hemes for future studies. Three genes were 
targeted in this study to manipulate the biosynthesis of ubiquinone. Deletion of ubiA or ubiC 
leads to cellular deficiency in ubiquinone and can be used in producing cytochrome bo3 without 
bound ubiquinone or selective labeling of ubiquinone. Any metA mutant strain listed in Table 2.6 
and Table 2.7 can also be used in the selective isotope labeling of ubiquinone because the 
methyl group on the sidechain of methionine is the source of the ring-methyl and O-methyl 
groups of the ring of ubiquinone [45]. Work related to the selective isotope labeling of 
ubiquinone using these mutant C43(DE3) auxotrophs is described in more details in Chapter 5. 
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Table 2.7. Additional mutant C43(DE3) strains created in this study 
Strain Precursor Strain Genotype Phenotype 
ML11 C43(DE3) recA NA 
ML13 C43(DE3) ubiA::cat Poor growth 
ML15 ML11 recA cyd NA 
ML16 ML15 recA cyd cyo::cat Unable to grow aerobically 
ML19 ML15 recA cyd waaP::kan Deep rough 
ML20 C43(DE3) cyo NA 
ML27 C43(DE3) ubiC 4-Hydroxybenzoate auxotroph 
ML28 ML27 ubiC metA::kan Met auxotroph 
ML29 C43(DE3) hemA::kan ALA auxotroph 
 
2.3.3 Growth Rates of the Mutant C43(DE3) Strains 
In LB medium, all the amino-acid auxotrophs grow at a rate similar to the wild-type 
C43(DE3) strain. The mutant strains with one or two genes deleted generally did not show 
noticeable difference in their growth rates even in M63 minimal medium supplemented with 
appropriate amino acids. However, strains deficient in transaminases such as ML6, ML12, ML22 
and their derivatives grow at a slower speed in M63 medium even in the presence of 
appropriate amino acids as illustrated in Figure 2.5. The celluar growth in the M63 minimal 
medium is severely disrupted in Asn auxotrophs, ML25 and ML43, in which asnA and asnB have 
been deleted from chromosome. ML43 strain, which lacks ten amino-acid biosynthetic genes, 
grew extremely poorly in minimal medium, and the cell density only reached an OD600 < 1.0 after 
one day. Since the mutants grew normally in LB medium, it can be assumed that the mutations 
do not affect essential cellular mechanisms for cell division. It is therefore possible to improve 
51 
 
the growth rates in minimal medium by adding extra nutrients. These conditions were not 
further explored in this study. 
 
Figure 2.5. The growth rates of different C43(DE3) auxotrophs in M63 minimal medium. 
Different combinations of amino acids were added as indicated. 
Transaminases are involved in the final amino transfer steps in the biosynthesis of 
several amino acids such as Ile, Leu, Val and Tyr. E. coli has four transaminases synthesized by 
ilvE, avtA, aspC and tyrB. In the current study, only three of them, ilvE, avtA and aspC, were 
successfully eliminated from the chromosome of C43(DE3). Even though tyrB was not deleted, 
its transcription could be effectively repressed by the addition of Tyr in the medium. The 
deletions of ilvE and avtA resulted in auxotrophy to Ile and Val respectively, and addition of Tyr 
to the growth of an ilvE mutant mimicked the phenotype of a tyrB-depleted strain as expected. 
However, these strains deficient in the transaminase activities grew at an unaltered rate in the 
minimal medium without Asp and Phe, two other known substrates of the transaminases 
(Figure 2.4). The requirement of Tyr, which is also known to be a substrate to the products of 
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aspC and tyrB, could not be tested because Tyr must be added to inhibit the expression of tyrB. 
These results suggest that under the growth conditions examined in this study, there were 
additional pathways to synthesize Asp and Phe in E. coli. Therefore, it is possible that selective 
isotope labeling of Phe and Asp using these mutant strains can still result in isotope dilution. For 
isotope labeling of Ile, Leu, Val and possibly Tyr, the use of appropriate mutant C43(DE3) strains 
constructed in this study should minimize dilution and scrambling of isotope labels. 
2.4 Conclusions 
Several protein over-expression systems in E. coli are available. However, the over-
expression of membrane proteins in E. coli has been challenging and choosing appropriate E. coli 
strains is critical for improved yields of membrane proteins. Cytochrome bo3 has been 
successfully over-expressed in C43(DE3) E. coli strain, which offers advantages in the expression 
of membrane proteins using T7-expression system. In this chapter, procedures to obtain several 
mutant C43(DE3) strains deficient in the biosyntheses of several amino acids have been 
described. The availability of the genome sequence of the E. coli BL21(DE3) strain has allowed us 
to knock out most of the target genes in C43(DE3) strain using the λ-Red recombination system. 
These newly developed amino-acid auxotrophic C43(DE3) derivatives are suitable for amino-acid 
selective isotope labeling of membrane proteins. Subsequent chapters describe EPR and solid-
state NMR studies on amino-acid selective isotope labeled cytochrome bo3 prepared from the 
auxotrophs described in this chapter. 
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CHAPTER 3: PULSED EPR STUDIES ON THE SEMIUBIQUINONE AT THE QH 
SITE OF AMINO-ACID SELECTIVE ISOTOPE LABELED 
CYTOCHROME BO3 FROM ESCHERICHIA COLI
1
3.1 Introduction 
 
Cytochrome bo3 ubiquinol oxidase from E. coli catalyzes two-electron oxidation of 
ubiquinol and four-electron reduction of molecular oxygen to water [1]. It is generally accepted 
that cytochrome bo3 also functions as a redox-coupled proton pump in a manner similar to 
mitochondrial cytochrome c oxidase. Unlike cytochrome c oxidase, which accepts electrons from 
cytochrome c, cytochrome bo3 oxidizes ubiquinol, a two-electron carrier. The ubiquinol 
oxidation site of cytochrome bo3 is quite distinct from the Qo-site of cytochrome bc1 complex, 
which is the sole mitochondrial quinol oxidation site, and accordingly, the substrate oxidation 
sites of the bacterial quinol oxidases can potentially serve as novel drug targets. Needless to say, 
it is important to understand the electron and proton transfer processes taking place at the 
ubiquinol oxidation site of cytochrome bo3. Electron paramagnetic resonance (EPR) 
spectroscopy is one of the most commonly used techniques in the investigation of quinone 
binding sites in general. EPR studies on one-electron reduced semiquinone radicals stabilized at 
many quinone binding sites provide valuable mechanistic information such as the electronic 
structure of the semiquinone and the unpaired spin density distribution or singly occupied 
molecular orbital (SOMO) [2]. Electron spin echo envelope modulation (ESEEM) is an EPR 
technique that can specifically probe the protein matrix surrounding a semiquinone radical [3, 4]. 
This chapter focuses on the amino acid-selective isotope labeling of cytochrome bo3 complex 
mainly with 15N using C43(DE3) amino-acid auxotrophs, which are described in the previous 
chapter, and ESEEM studies on semiquinone bound to the selectively isotope labeled 
                                                          
1 Part of the results described in this chapter was published in Lin MT, Samoilova, RI, Gennis RB and 
Dikanov SA. J. Am. Chem. Soc. 2008, 130, 15768-15769. 
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cytochrome bo3 samples. In this section, the ubiquinone binding sites of cytochrome bo3 will be 
discussed first followed by a brief introduction to the principles involved in EPR spectroscopy 
and ESEEM spectroscopy in particular. Then, previous EPR studies on the semiquinone bound to 
cytochrome bo3 will be summarized. EPR studies carried out in the current work will be 
discussed in sections 3.2 and 3.3 of this chapter. 
3.1.1 Ubiquinone Binding Sites of Cytochrome bo3 
Cytochrome bo3 is a membrane protein complex composed of four different subunits [1, 
5]. Subunit I is analogous to the main subunit of heme-copper oxidases and contains the 
essential redox-active components for the reduction of oxygen such as low spin heme b and a 
binuclear catalytic site made up of a copper ion known as CuB and a high-spin heme o. Two 
proton channels named D and K channels are also located in the main subunit. Cytochrome bo3 
belongs to the A-family of heme-copper oxidases, which also includes cytochrome aa3 
menaquinol oxidase from Bacillus subtilis as well as the widely studied aa3 type cytochrome c 
oxidases from mitochondria, Paracoccus denitrificans and Rhodobacter sphaeroides. In addition 
to the analogous subunit I, cytochrome bo3 also shares similar subunit II and III with other 
oxidases from the A-family. Subunit II possesses a characteristic C-terminal hydrophilic domain 
located at the periplasmic side. In cytochrome c oxidases, the C-terminal globular domain of the 
subunit II contains an additional metal center called CuA and a binding pocket for the substrate, 
cytochrome c. In these enzymes, the electron from cytochrome c is transferred through CuA to 
the metal centers of the subunit I. Despite structural similarity and sequence homology, the 
subunit II of quinol oxidases such as cytochrome bo3 contains neither CuA nor the residues 
involved in the binding of cytochrome c. The absence of components involved in the oxidation 
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of cytochrome c in quinol oxidases is not surprising since these enzymes use quinols rather than 
cytochrome c as electron donors.  
Depending on the detergents used in the purification method, cytochrome bo3 isolated 
can be associated with different stoichiometric ratios of ubiquinone. The cytochrome bo3 
purified in sucrose monolaurate (SM) had one tightly bound ubiquinone and some enzyme 
population was found to have an additional loosely associated ubiquinone [6, 7]. Solubilization 
of the cytoplasmic membranes by n-dodecyl β-D-maltoside (DDM) consistently gave cytochrome 
bo3 with a tightly bound ubiquinone [8, 9], whereas purification in Triton X-100 (TX) yielded 
samples without any bound ubiquinone [8]. The only published crystal structure of cytochrome 
bo3 was obtained from samples extracted with n-octyl β-D-glucopyranoside (OG), which did not 
include any bound ubiquinone [9].  
Based on the evidence that the tightly bound ubiquinone-8 in cytochrome bo3 could not 
be replaced by externally added substrates such as ubiquinol-1 even after multiple turnovers, it 
has been proposed that there are two distinct ubiquinone binding sites in cytochrome bo3 [6, 
10]. The site with a tightly bound ubiquinone-8 was named the QH-site to indicate its high 
affinity for the ubiquinone. Since the ubiquinone at the QH-site does not exchange with other 
quinones during turnover, it is generally assumed that there must be a second quinine binding 
site, where the substrate ubiquinol binds and dissociates after the oxidization. This second site is 
known as the QL-site based on its low affinity for ubiquinone. 
The QH-site of cytochrome bo3 has been known to stabilize a semiquinone that can be 
detected by EPR [7, 11]. The ability to stabilize the one-electron reduced semiquinone radical 
means that the ubiquinone at the QH-site can play as a converter during the electron transfer 
process from the two-electron carrier, ubiquinol, at the QL-site to the one electron acceptor, 
heme b. The comparison of kinetics between the cytochrome bo3 preparations with and without 
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the tightly bound ubiquinone or with the QH-site inhibitors demonstrated that the ubiquinone at 
the QH-site facilitated the fast electron transfer process from the substrate ubiquinol to the low-
spin heme b [8, 12, 13, 14]. Although the only published crystal structure of cytochrome bo3 did 
not contain any bound ubiquinone, a ubiquinone binding pocket made up of residues conserved 
among quinol oxidases was identified, and mutagenesis studies confirmed the importance of 
these residues in ubiquinol oxidase activity [9, 15]. Based on the crystal structure, Abramson and 
co-workers proposed a model of a ubiquinone-2 bound at the QH-site [9]. In this model, four 
residues from the subunit I namely R71, D75, H98 and Q101 interact with the two carbonyl 
oxygens of the ubiquinone through hydrogen bounds (Figure 3.1). During the last decade, a 
number of EPR studies to characterize the interactions between the semiquinone at the QH-site 
and its protein environment have been reported [14-21]. Fourier transform infrared (FTIR) 
spectroscopy also showed that the protonation state of D75 depended on the redox state of the 
ubiquinone at the QH-site [22]. The properties of the semiquinone stabilized at the QH-site are 
reviewed in more detail in section 3.1.4. 
 
Figure 3.1. The model of the QH-site of cytochrome bo3 with ubiquinone-2 proposed by 
Abramson et al. [9] 
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There were also several studies to investigate the QL-site of cytochrome bo3. Quinone 
analogue inhibitors have been particularly useful in probing the mode of ubiquinone binding at 
the QL-site [23, 24]. Natural inhibitor aurachin C and its derivatives have been shown to be 
extremely potent [25, 26] and competitively inhibit the ubiquinol oxidase acitivity of cytochrome 
bo3 [10]. Radiolabeling of the complex with photoreactive quinone analogue indicated that 
subunit II was involved in the oxidation of ubiquinol substrate [27], and subsequent mass 
spectrometric study identified the water soluble domain of the subunit II as the site of ubiquinol 
oxidation [28]. Isolation of spontaneously generated cytochrome bo3 mutants resistant to 
competitive inhibitors also implicated the C-terminal hydrophilic domain of the subunit II as the 
location of the QL-site [29]. In addition, mutating W138 residue from the subunit II was shown to 
lower the enzyme’s affinity to ubiquinol-1, a substrate frequently used for the in vitro evaluation 
of the turnover of cytochrome bo3 [30]. Despite the overwhelming evidence indicating that the 
QL-site is located in the subunit II of cytochrome bo3, the QL-site has yet to be unambiguously 
identified. Analysis of the crystal structure of cytochrome bo3 yielded no potential ubiquinone 
binding motif in the subunit II’s periplasmic domain and suggested that previous findings of the 
involvement of subunit II in ubiquinol oxidation could be due to the influence on H98 of subunit 
I, which is located close to the CuA domain and presumably involved in the binding of 
ubiquinone at the QH-site [9]. Since an aurachin C analog, which competes with ubiquinol at the 
QL-site, also blocks the formation of semiquinone at the QH-site, it appears that the two 
ubiquinone binding sites are very close to each other [10]. 
It should be noted that high levels of substrates such as ubiquinol-1 and ubiquinol-2 
were found to inhibit the turnovers of cytochrome bo3 uncompetitively, which led to the 
proposal of Q-loop proton translocation mechanism in cytochrome bo3 [31, 32]. However, the 
idea had been mostly discarded due to two main reasons. First, cytochrome bo3 uses proton 
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channels identical to those in aa3-type cytochrome c oxidases, and it is highly unlikely that a 
different proton pumping mechanism operates in the ubiquinol oxidase. Secondly, both the QH- 
and QL-sites of cytochrome bo3 are involved in the oxidation of ubiquinol, and no quinone 
reduction site analogous to the Qi-site of cytochrome bc1 complex has been identified. 
Recently, Michael Stowell (University of Colorado) and co-workers were able to obtain 
another crystal structure of cytochrome bo3 (not yet published). In this study, the E. coli 
cytoplasmic membranes were solubilized with nonylglucoside (NG), and the cytochrome bo3 
isolated and crystallized was associated with two ubiquinone molecules (not yet published). One 
of the ubiquinones was bound at the QH-site, thus providing the first structural evidence for the 
ubiquinone bound at the QH-site although the low resolution available at this initial stage 
prevents detailed examination of the interactions between the ubiquinone and the surrounding 
residues. The second ubiquinone was located at the interface of subunit I and III. At this point, it 
is not clear whether the second ubiquinone plays any functional role or it is simply an artifact 
due to the detergent used. Further studies will be needed to answer these questions. 
3.1.2 Introduction to EPR Spectroscopy 
Interaction of the magnetic moment of an unpaired electron with an external magnetic 
field produces energy levels defined by the projections of the magnetic moment on the 
magnetic field direction. Only electrons with the simplest spin S = ½ will be discussed here. In an 
external magnetic field (B0), an electron with S = ½ can have two energy levels corresponding to 
the two spin states with Ms of +½ and -½. The energy (hν) of each spin state is proportional to 
the external magnetic field according to hν = geβeBMs where ge and βe are the electron’s g-factor 
and Bohr magneton respectively. According to this definition, the spins with Ms = +½ occupy the 
exited state (hν = +½geβeB), whereas those with Ms = -½ reside in the ground state (hν = -
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½geβeB). The energy difference between the two states is therefore hν = geβeB, which normally 
falls in the range of microwave frequencies for magnetic fields commonly generated in 
laboratories. EPR spectroscopy is generally applied to analyze the transition energy between the 
two spin states of an unpaired electron. The microwave frequencies commonly used in EPR 
studies are listed in Table 3.1. X-band microwave frequencies represent the most widely used 
ones in EPR studies. The experiments in this study were also carried out with X-band frequencies. 
Table 3.1. Commonly used microwave frequencies in EPR spectroscopy [33]. 
Band Frequency (GHz) 
L 1 
S 3 
X 9.4 
P 15 
K 18 
Q 35 
W 94 
 
EPR spectroscopy has a wide variety of scientific applications. Its fundamental concept 
and applications were covered in the book by Weil and Bolton [34]. This section will briefly 
explore common topics related to its applications in biological studies. The simplest EPR 
experiment is the continuous wave (CW) EPR, which is usually performed with a fixed 
microwave frequency (ν) while the magnetic field (B) is being varied. A net absorption of the 
microwave energy is then detected at each B value, where the resonant condition of hν = geβeB 
is satisfied. Such experiments typically yield the g-factor (ge) of the paramagnetic electron. For a 
freely spinning electron, ge has an approximate value of 2.0023. One primary cause of deviation 
of ge from that of a free electron is the electron’s orbital angular momentum, which can have 
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substantial dependence on the orientation of the system related to the external magnetic field 
and therefore can give rise to the g-factor’s anisotropy. The electron’s g-factor and its 
anisotropic nature make up the fingerprint of an unpaired electron, from which the electronic 
structure and the source of the unpaired electron can be determined. 
Another factor that can influence the g-factor is the interactions between the unpaired 
electron and nearby nuclei with non-zero magnetic moments. The external magnetic field that 
splits the electron spin (S = ½) into two energy levels also partitions the energy of each nuclear 
magnet with nuclear spin I into 2I+1 distinct values. Such effects of an external magnetic field on 
magnetic spins are known as Zeeman effects. In the presence of interactions between the 
unpaired electron and nearby nuclei, the energy of each spin state becomes modified from the 
value determined by the Zeeman effects (Figure 3.2). Such interactions between an unpaired 
electron and nearby nuclei are known as hyperfine interactions. Usually, an atom or ion that is 
the source of the paramagnetic electron has significant hyperfine interactions resulting in the 
splitting of electron’s resonant peak that can be detected by CW-EPR experiments. The 
hyperfine coupling constant (A) usually measured in MHz can be determined from the 
difference between the peaks split by the hyperfine interactions. However, CW-EPR usually 
cannot resolve small hyperfine couplings arising from surrounding nuclei. In those cases, 
electron-nuclear double resonance (ENDOR) and pulsed EPR techniques such as electron spin 
echo envelope modulation (ESEEM) are usually used to obtain the values of those couplings. 
A hyperfine coupling between an unpaired electron and a nearby nucleus can be divided 
into two components known as isotropic and anisotropic hyperfine couplings. The isotropic 
hyperfine coupling is due to the presence of the unpaired electron’s spin density at an atomic s 
orbital around the nucleus. Thus, isotropic hyperfine coupling between a radical species and a 
nearby nucleus from the protein harboring the radical usually means the presence of a hydrogen 
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bond between the radical and that particular nucleus. The spin density transferred to the 
nucleus through the hydrogen bond can then be calculated from the isotropic hyperfine 
coupling constant. The anisotropic part of the hyperfine coupling can originate from two sources: 
the presence of the spin density at a non-spherical orbital such as a p orbital around the nucleus 
and the through-space dipolar interaction between the nuclear spin and the unpaired electron 
spin. The dipolar coupling is highly dependent on the orientation of the system in the external 
magnetic field as well as the distance between the two dipoles. In most cases, the dipolar 
interaction is mainly responsible for the anisotropic hyperfine coupling, from which the distance 
between the coupling nucleus and the unpaired electron can be estimated. 
 
Figure 3.2. The energy diagrams of an electron spin (Ms = ½) and a nearby nucleus with a nuclear 
spin MI = ½ (A) or MI = 1 (B) in an external magnetic field (B0). Please note that the energy levels 
shown are only for illustration. Their relative values depend on each scenario.  νI = Zeeman 
frequency, να and νβ = Nuclear transition frequencies modified by hyperfine interactions 
Table 3.2 lists the nuclei commonly encountered in EPR studies of biological systems. 
Nuclei with I = 0 such as 12C and 16O do not possess a net magnetic moment and therefore are 
not involved in hyperfine interactions. Nuclei with I = ½ such as 1H, 13C and 15N are split into two 
spin states, MI = +½ or -½, which can be modified by hyperfine interactions with the unpaired 
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electron spin. Nuclei with I > ½ are quadrupolar in nature due to nonspherical charge 
distribution. Nuclei such as 2H and 14N have nuclear spin I = 1, which produces three energy 
states in a magnetic field as shown in Figure 3.2. The individual states are influenced not only by 
hyperfine interactions, but also by nuclear quadrupole interactions (nqi) between the nuclear 
quadrupole moment and the electric field gradient of surrounding electrons, and therefore, 
interpretation of the interactions between these quadrupole nuclei and an unpaired electron 
requires more complex analyses. The nuclear quadrupole interactions depend on the properties 
of the bonds around the coupled nucleus, and are particularly useful in identification of the 
chemical group containing the nucleus [18, 20]. 
Table 3.2. The nuclear spins and % natural abundances of some isotopes commonly 
encountered in biological samples [33] 
Isotope Nuclear Spin (I) % Abundance 
1H 1/2 99.9 
2H 1 0.02 
12C 0 98.9 
13C 1/2 1.1 
14N 1 99.6 
15N 1/2 0.37 
16O 0 99.8 
17O 5/2 0.037 
32S 0 95.0 
33S 3/2 0.76 
 
As displayed in Table 3.2, each isotope is associated with its natural abundance. Thus, 
samples enriched with a particular isotope can offer distinctive advantages and are often used in 
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EPR studies. For instance, substituting the naturally abundant 14N (I = 1) with 15N (I = ½) isotope 
can result in considerable simplification in EPR spectra without contribution from nuclear 
quadrupole interactions. Samples can also be labeled with 13C isotope to obtain hyperfine 
couplings between an unpaired electron and nearby carbon nuclei, which would be impossible 
for samples with naturally abundant 12C. In this study, cytochrome bo3 samples with 
15N 
enriched at selective amino acids were prepared from E. coli C43(DE3) auxotrophs and analyzed 
by pulsed EPR spectroscopy to further the understanding of the semiquinone at the QH-site. 
3.1.3 Electron Spin Echo Envelope Modulation (ESEEM) 
ESEEM is a pulsed EPR spectroscopy used to monitor the transition energies of nuclei 
indirectly through EPR transitions. In an ESEEM experiment, an EPR transition in a static 
magnetic field (B0) is excited with intense microwave pulses (B1), which are oriented at 90° to B0. 
The relaxation behavior of such excited electron spins includes valuable information regarding 
the surrounding matrix. Specifically, ESEEM is capable of measuring small hyperfine coupling 
constants normally observed with nearby nuclei from the protein matrix, and therefore it is 
particularly useful in analyzing the ligation environment of a radical. Another remarkable 
strength of the ESEEM technique is its ability to obtain orientation-related information such as 
anisotropic hyperfine coupling constants merely using randomly oriented frozen samples. Thus, 
there is no need to attain properly oriented samples or crystals in order to perform an ESEEM 
experiment, which greatly facilitates its application to biological samples.  
Several variations of ESEEM experiments exist and their comprehensive descriptions can 
be found in the book of Dikanov and Tsvetkov [3]. In this section, three types of ESEEM 
experiments illustrated in Figure 3.3 will be introduced. The simplest one is a two-pulse ESEEM 
experiment, in which two pulses, π/2 and π, separated by time τ are applied. The angle of each 
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pulse indicates the degree by which the pulse rotates the electron spins away from its initial 
equilibrium in B0. π/2 and π are the most frequently applied angles. Normally, the direction of 
the static field B0 is assigned as +Z-axis. After the first π/2 pulse, the electron magnets are 
rotated onto +Y-axis. During τ when the B1 is turned off, the dephasing of individual spins occur 
because each spin precesses at a slightly different frequency depending on its individual 
environmental state. The second π pulse reverses the motions of the dephasing spins, leading to 
the reconciliation of the spins at τ after the second pulse. The result is generation of an echo 
signal at τ after the second pulse. Before and after the second pulse, the B1 field is off, allowing 
the spins to progress towards their initial equilibrium along the +Z-axis. Thus, as τ between the 
first and second pulses increases, more spins relax to their initial equilibrium and the echo signal 
detected becomes smaller. This phenomenon is known as free-induction decay (FID). In addition 
to the FID, the amplitude of the echo signal displays modulations, the frequencies of which are 
related to the transition energies of neighboring nuclei weakly coupled to the unpaired electron. 
Thus, Fourier transformation of the echo modulations on the time-domain yields the transition 
frequencies of coupled nuclei within an electron spin manifold i.e. MS = +½ or -½ along with the 
sum and difference frequencies. One drawback of the two-pulse ESEEM experiment is that the 
relaxation of the spins before and after the second pulse is controlled by spin-spin relaxation, 
which has a short time constant, and therefore the echo signal cannot be followed for a 
sufficiently long time. This drawback is overcome by three-pulse and four-pulse ESEEM 
experiments described below. 
In a three-pulse ESEEM experiment, three π/2 pulses separated by times τ and T are 
applied, and the stimulated echo signal is generated at τ after the third pulse (Figure 3.3). As T, 
the duration between the second and third pulses, is incremented while τ is fixed, the 
modulation in the echo signal is followed. In contrast to the two-pulse experiment, Fourier-
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transformation of the echo amplitude gives only the nuclear transition frequencies within each 
electron spin manifold without the sum and difference frequencies, thus resulting in a simpler 
spectrum. Another advantage of the three-pulse ESEEM experiment is that the relaxation of the 
spins after the second π/2 pulse during T, occurs along the – Z-axis and is influenced by spin-
lattice relaxation, which has a much larger time constant than the spin-spin relaxation on the XY 
plane. Thus, the echo signal can be measured for a longer T. 
 
Figure 3.3. Pulse sequences applied in different types of ESEEM experiments. 
A four-pulse ESEEM experiment is based on the three-pulse version with an additional π 
pulse between the second and third pulses. The extra π pulse flips the electron spins, and 
therefore the nuclear transitions within one electron spin manifold are mixed with those of the 
other manifold, resulting in deep modulations of the echo signal at the basic nuclear transition 
frequencies in some cases. By stepping t1 and t2 independently and through double-Fourier 
transformation of the t1 and t2 dimensions, a two-dimensional frequency spectrum can be 
obtained with the nuclear frequencies along the diagonal line. This particular four-pulse ESEEM 
experiment is widely known as hyperfine sublevel correlation (HYSCORE) spectroscopy. Not only 
does HYSCORE provide improved resolution due to an additional dimension, it also displays 
cross-peaks that correlate matching frequencies of the same nucleus from the two electron spin 
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MS manifolds. Thus, HYSCORE spectra facilitate the assignments of nuclear transition 
frequencies. 
The shape of a three-pulse or HYSCORE spectrum depends on the relative values of 
nuclear Zeeman frequency (νI) and the isotropic hyperfine coupling constant (Aiso). For a nucleus 
with I = ½ with weak couplings (Aiso < 2νI), two nuclear transitions, να and νβ, from the two 
electron spin states (Figure 3.2) centered at the Zeeman frequency (νI) will appear. A 
corresponding HYSCORE spectrum will also produce cross peaks at (να, νβ) and (νβ, να) in the (+,+) 
quadrant. For strongly coupled nuclei (Aiso > 2νI), two frequencies (να and νβ) centered at Aiso/2 
will appear. The cross peaks in the HYSCORE spectrum will be located in (+,-) quadrant [35]. 
Analyses of the contours of cross peaks in a HYSCORE spectrum can yield both isotropic and 
anisotropic hyperfine coupling constants (Aiso and T). Thus, HYSCORE experiments are very 
informative for a radical’s ligation environment. 
A nucleus with I > ½ is associated with a nuclear quadrupole moment (Q) due to 
nonspherical charge distribution. The interaction of Q with the electric field gradient of 
surrounding electrons gives rise to nuclear quadrupole interaction, which can be fully defined by 
two parameters: the quadrupole coupling constant (K) and the asymmetry parameter (η). K is 
equal to e2qQ/4h where e is the charge of electron, q is the electric field gradient and h is Plank’s 
constant. The value of η is zero for the axially symmetric systems and lies between 0 and 1 for 
asymmetric ones [36]. For a nucleus with I = 1 (e.g. 14N), three nuclear spin states exist for each 
electron spin state and therefore, an ESEEM spectrum can contain up to six lines for a 14N 
nucleus. However, due to highly orientation-dependent nature of nuclear quadrupole 
interactions, highly resolved lines appear only in some special conditions for frozen biological 
samples. If Aiso ≅ 2νI for a 14N nucleus, the nuclear Zeeman and hyperfine interactions 
approximately cancel each other for one electron spin manifold. Under that “cancellation 
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condition”, three narrow lines closely corresponding to the quadrupole interactions (ν+, ν- and ν0) 
appear from the nuclear spin transitions within that particular electron spin manifold. The three 
frequencies have a relation ν+= ν- + ν0 and can be used to calculate K (the quadrupole coupling 
constant) and η (the asymmetry parameter) as follow: 
 ν+ = K(3 + η)   ν- = K(3 – η)   ν0 = 2Kη Eq.  3.1 
With the nuclear quadrupole tensor defined, the source of the 14N nucleus can be estimated. 
Since νI depends on the microwave frequency used in an ESEEM experiment, K and η can often 
be determined by application of appropriate EPR frequency bands (Table 3.1) that fulfill the 
cancellation condition [36, 37]. In addition, an ESEEM spectrum of a 14N nucleus near the 
cancellation condition often displays the double-quantum transition between the two outer 
nuclear states with mI = -1 and 1 from the opposite manifold. The frequency of this transition 
(νdq±) is given by 
 νdq± = 2[(νI ± Aiso/2)
2 + K2(3 + η2)]1/2 Eq.  3.2 
from which Aiso of the 
14N nucleus can be estimated [18, 21]. 
3.1.4 Semiquinone at the High-Affinity Ubiquinone Binding Site (QH) of Cytochrome bo3 
The ability to stabilize a semiquinone radical by cytochrome bo3 has functional 
significance for its quinone binding sites. Although the crystal structure does not contain a 
bound ubiquinone, the residues involved in the binding of ubiquinone at the QH-site were 
identified and a model of a ubiquinone-2 bound at the QH-site was proposed by Abramson and 
co-workers [9]. In contrast to the X-ray crystallographic studies, which rely on the density map 
of core electrons, EPR uniquely examines unpaired electrons directly participating in the 
chemical reactions at the catalytic sites of biological macromolecules [4]. Therefore, it is not 
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surprising that EPR has played an essential role in the studies of the semiquinone bound to 
cytochrome bo3 even after the crystal structure of cytochrome bo3 was obtained.  
Cytochrome bo3 reconstituted with ubiquinone-1 was first shown to give rise to a 
semiquinone radical when poised at appropriate potentials by redox titrations [11]. The same 
semiquinone signal was demonstrated to arise from the ubiquinone tightly associated with 
cytochrome bo3 at the QH-site [7]. These initial studies determined the midpoint potentials of 
the two ubiquinone couples, -13 or 0 mV for E1 (Q/SQ) and 10 mV for E2 (SQ/QH2), and their pH 
dependences (Q = ubiquinone, SQ = semiquinone and QH2 = ubiquinol). A later study using a 
histidine-tagged cytochrome bo3 yielded higher midpoint potentials of 145 mV and 99 mV for E1 
and E2 respectively [15]. Nevertheless, all these results corroborated high stability constants (Ks) 
for the semiquinone at the QH-site. Ks depended on the pH and could be as high as 5-10 at 
alkaline pH values, which were about ten orders of magnitude higher than that for a free 
semiquinone radical [17]. Thus, the QH-site of cytochrome bo3 must possess an affinity for the 
semiquinone at least 105 times higher than the fully oxidized ubiquinone or its fully reduced 
counterpart. The ubiquinone bound at the QH-site is not easily exchanged with the quinone pool 
and essentially acts as a redox cofactor. The high stability of the one-electron reduced 
semiquinone radical at the QH-site strongly suggests that this ubiquinone cofactor is very 
effective in mediating electron transfer process from the ubiquinol substrate at the QL-site to 
the low spin heme b. In fact, several studies on electron transfer kinetics of cytochrome bo3 with 
and without the tightly bound ubiquinone confirmed the importance of this ubiquinone cofactor 
for rapid electron transfer to heme b [8, 12, 13, 14]. 
The pH dependence of the midpoint potentials measured from the redox titration 
experiments showed that two protons were released from the two-electron oxidation of 
ubiquinol at the QH-site [7, 11]. The midpoint potential for each of the two one-electron couples, 
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E1 (Q/SQ) and E2 (SQ/QH2), however displayed varying pH dependence. At alkaline pH, E1 was 
independent of pH whereas E2 varied with -120 mV per pH. Based on these results, the 
semiquinone at the QH-site was suggested to be an anionic species [11]. The semiquinone 
transiently generated at the QH-site by pulse radiolysis was also proposed to be anionic based an 
absorption maximum at 440 nm [14]. However, this interpretation was ambiguous due to the 
contributions of the two hemes of cytochrome bo3 as well as N-methylnicotinamide used as a 
mediator to the exact absorption regions of both anionic and neutral semiquinone radicals [38]. 
A recent study by HYSCORE spectroscopy concluded that the semiquinone at the QH-site was a 
neutral radical based on an exchangeable proton with an unusually large anisotropic hyperfine 
coupling constant and non-exchangable methyl protons with a large isotropic hyperfine coupling 
constant [20]. The large anisotropic hyperfine coupling of the exchangeable proton indicated a 
significant covalent nature in the bond between the proton and a carbonyl oxygen of the 
quinone ring. These HYSCORE results also suggested a highly asymmetric binding of the two 
carbonyl oxygens of the semiquinone by the protein, and agreed with an earlier multifrequency 
EPR study of the QH-site semiquinone selectively labeled with 
13C at either carbonyl position [19]. 
Thus, the pH dependences of the electron transfer processes by ubiquinol at the QH-site 
obtained by initial redox titration studies [7, 11] likely originate from proton transfer processes 
by the residues at the QH-site, and the assumption that the carbonyl groups of the ubiquinone 
are solely responsible for the pH dependency of the electron transfer processes may not be valid. 
In fact, FTIR experiments have directly shown that the side-chain of D75, a residue at the QH-site, 
became protonated upon reduction of the ubiquinone at the QH-site [22]. 
A semiquinone radical can be generated from the ubiquinone bound at the QH-site 
under anaerobic atmosphere not only through redox titrations [7, 11, 15], but also with a 
number of reducing agents including ascorbate [18-21], dithionite [17] and a combination of 
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NADH and 3 μM phenazine methosulfate [16]. Despite different approaches in producing 
semiquinone radical at the QH-site, the CW-EPR spectra from all these preparations of 
semiquinone exhibited the same hyperfine splitting feature, which could not be eliminated by 
D2O exchange, indicating that these semiquinone species were stabilized in a similar manner. 
The observed hyperfine splitting was assigned to the ring methyl protons of the semiquinone 
and its hyperfine coupling was determined in multiple reports [16, 17, 20]. In addition to the 
methyl protons, three exchangeable protons were detected by HYSCORE and tentative 
assignments were made for these protons [20]. 
Pulsed EPR experiments also revealed a nitrogen nucleus coupled to the semiquinone at 
the QH-site of cytochrome bo3 [18, 20, 21]. At X-band microwave frequencies, the cancellation 
condition (Aiso ≅ 2νI) was satisfied for that nitrogen, giving rise to three sharp bands 
corresponding to the three pure nuclear quadrupole resonance frequencies of the 14N nucleus. 
The presence of a significant isotropic hyperfine interaction between this nitrogen and the 
radical suggested that the nitrogen was hydrogen bonded to a carbonyl oxygen of the 
semiquinone, and some of the unpaired spin density had been transferred to that nitrogen. 
Although the quadrupole coupling constant (K) and the asymmetry parameter (η) were 
determined for that nitrogen, unambiguous identification of the source of the nitrogen nucleus 
was impossible through comparison of its nuclear quadrupole tensor with the reported values 
from other quinone binding sites. The quadrupole coupling constant (K) of 0.93 MHz is most 
similar to the expected values from an NH or NH2 group, and therefore, the nitrogen is likely to 
originate from the side chains of R71 or Q101 or a peptide backbone [18, 20, 21]. Two mutants 
of the D75 residue, D75E and D75H, are also able to stabilize a semiquinone radical at the QH-
site and they have been studied by EPR spectroscopy [15, 21]. The D75E mutant enzyme had 
ubiquinol oxidase activity as high as the wild-type enzyme, whereas the activity was completely 
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lost in the D75H mutant. Three-pulse ESEEM spectrum showed that the semiquinone in the 
D75E mutant retained similar interactions with the same nitrogen nucleus as in the wild-type 
enzyme. The D75H mutant on the other hand exhibited interactions with the semiquinone 
through a different nitrogen atom, and the 14N nuclear quadrupole tensor strongly suggested 
that the nitrogen was derived from a histidine residue. In addition, the hyperfine couplings 
measured by HYSCORE spectroscopy implied that the D75H mutant stabilized an anionic 
semiquinone species in contrast to the neutral version in the wild-type enzyme [21]. 
In this study, the ability to selectively isotope label cytochrome bo3 using E. coli C43(DE3) 
auxotrophs provided us with a unique opportunity to probe the roles of the residues at the QH-
site using pulsed EPR techniques. Through selective isotope labeling of each residue at the QH-
site by 13C or 15N, the hyperfine coupling between the semiquinone and important nuclei of each 
residue at the QH-site can be established. In particular, unambiguous identification of the 
nitrogen nucleus that gave rise to the sharp 14N nuclear quadrupole frequencies detected in 
previous ESEEM studies [18, 21] became possible by selective enrichment of each residue at the 
QH-site with 
15N isotope. In addition, the HYSCORE experiments carried out in this study using 
selectively 15N labeled cytochrome bo3 were able to detect
 other nearby nitrogen nuclei weakly 
coupled to the semiquinone radical at the QH-site. A number of D75H mutant cytochrome bo3 
samples labeled with 15N at selected residues were also prepared, and the semiquinone at the 
QH-site of these D75H mutant samples was studied by pulsed EPR experiments. Previous studies 
indicated substantial changes in the interaction between the semiquinone and the D75H QH-site, 
and understanding these changes is critical to unravel why the ubiquinol oxidase activity is 
eliminated in this mutant enzyme. The results available from this study are a major step towards 
a deeper insight of the structure and mechanism of the ubiquinone cofactor at the QH-site of 
cytochrome bo3. 
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3.2 Materials and Methods 
3.2.1 Materials 
Isopropyl-β-D-thiogalactopyranoside (IPTG) was bought from Fisher Scientific 
(Pittsburgh, PA). n-dodecyl-β-D-maltoside (DDM) was purchased from Anatrace (Maumee, OH). 
15NH4Cl and 
15N-enriched amino acids for the growth of E. coli to express isotope labeled 
cytochrome bo3 were ordered from Cambridge Isotope Laboratories (Andover, MA). Other 
chemicals used in the preparation of growth medium and buffers were from Sigma-Aldrich (St. 
Louis, MO).  
3.2.2 Preparations of Amino-acid Selective Isotope Labeled Cytochrome bo3  
Selective labeling of cytochrome bo3 with 
15N isotope at specific amino acid types was 
achieved by overexpression of the enzyme in appropriate auxotrophic E. coli C43(DE3) strains, 
which were constructed as described in Chapter 2. Table 3.3 lists the 15N labeled cytochrome bo3 
samples prepared in this study along with the E. coli strains used to express them. Each 
auxotroph to be used as an expression host was transformed with the pET-17b vector (Novagen), 
where the cyo operon engineered to encode cytochrome bo3 with a 6xHis tag at the C terminus 
of subunit II was placed under the control of a T7 promoter. Addition of IPTG initiated the 
expression of T7 RNA polymerase from the bacterial chromosome, which then drove the 
transcription of the cyo operon from the pET-17b plasmid. Selectively 15N labeled D75H mutant 
cytochrome bo3 samples were produced from the pET-17b plasmid bearing the cyo operon that 
had been mutated to incorporate a histidine residue instead of an aspartate at the position 75 
of the subunit I. The cyo operon construct for the histidine-tagged enzyme was generated by 
Rumbley et. al. [39] and the pET-17b vectors were assembled by Yap et. al.  [21]. The following 
paragraph describes the procedure applied for the expression and purification of histidine-
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tagged cytochrome bo3, which is essentially the same as the protocols carried out in the 
previous studies [21, 40]. 
Table 3.3. The wild-type and D75H mutant cytochrome bo3 samples selectively labeled with 
15N 
isotope along with the E. coli strains used for the protein expression and references to the 
HYSCORE spectra of the semiquinone from these samples. 
Cytochrome bo3 samples with 
15N labels at 
selected sites 
E. coli C43(DE3) 
auxotrophs used 
HYSCORE Spectra 
Unlabeled wild-type enzyme C43(DE3) Figure 3.6 A & B 
Uniformly 15N labeled wild-type enzyme C43(DE3) Figure 3.8 A 
Wild-type enzyme with 15Nη Arg ML8 Figure 3.6 B 
Wild-type enzyme with 15Nε Gln ML17 Figure 3.7 A & B 
Wild-type enzyme with 15N3 His ML21 Figure 3.7 C & D 
Wild-type enzyme with 15N4 Arg ML8 Figure 3.8 B 
Wild-type enzyme with 15Nα Arg ML8 Not shown 
Wild-type enzyme with ring-15N His ML22 Figure 3.9 A 
Wild-type enzyme with 15Nδ His ML21 Figure 3.9 B 
Wild-type enzyme with uniform 15N except 
for Arg, Gln and His 
ML34 Figure 3.9 C 
Unlabeled D75H enzyme CLY Ref 21 
Uniformly 15N labeled D75H enzyme CLY Figure 3.10 A 
D75H enzyme with 15N3 His ML22 Figure 3.10 B 
D75H enzyme with 15Nδ His ML22 Not shown 
D75H enzyme with 15N4 Arg ML26 Figure 3.11 A 
D75H enzyme with 15Nε Gln ML30 Figure 3.11 B 
D75H enzyme with uniform 15N except Arg ML8 Figure 3.12 A 
D75H enzyme with uniform 15N except Arg 
and Gln 
ML32 Figure 3.12 B 
78 
 
Each bacterial culture was grown in modified M63 minimal medium consisting of 7 g/L 
K2HPO4, 3 g/L KH2PO4, 2 g/L NH4Cl, 2 g/L glucose, 10 mg/L thiamine, 10 µM CuSO4, 30 µM FeSO4 
and 1 mM MgSO4. When necessary, different combinations of amino acids were added as listed 
in Table 3.4. Each 2L baffled flask contained only 0.3-1 L culture medium to ensure aerobic 
growth condition. The temperature was maintained at 37 °C, and the flasks were shaken at 200 
rpm throughout the entire growth. When the density of the culture reached an OD600 of 0.5–0.7, 
the expression of cytochrome bo3 was induced with 0.5 mM IPTG, and the cells were shaken for 
an additional 4–5 h. The cells were then pelleted by centrifugation at 16,000 x g. All the 
subsequent steps were carried out at 4 °C. The harvested cells were resuspended in 50 mM KPi 
pH 8.0 buffer with ~ 5 mM MgSO4 and ~ 10-20 mg/L deoxyribonuclease I, and broken by three 
passages through a Microfluidizer high pressure fluids processor from Microfluidics (Newton, 
MA) at 10,000 psi. The cell debris was removed by centrifugation at 16,000 x g for 20 min. The 
membranes were then pelleted from the supernatant by centrifugation at 180,000 x g for 5 h, 
and solubilized in 50 mM KPi buffer at pH 8 with 1 % n-dodecyl β-D-maltoside (DDM) at 4 °C for 
at least 2 h. After the unsolubilized particles were removed by centrifugation at 180,000 x g for 
1 h, the supernatant was equilibrated with 5–10 mL Ni-NTA resin in the presence of 5 mM 
imidazole for 1 h. The mixture was then loaded into a column, and the Ni-NTA resin was washed 
with 5 volumes of 10 mM imidazole, 50 mM KPi, 0.05 % DDM at pH 8, followed by 5 volumes of 
15 mM imidazole, 50 mM KPi, 0. 05 % DDM at pH 8. The histidine-tagged cytochrome bo3 was 
eluted with 100 mM imidazole, 50 mM KPi, 0. 05 % DDM at pH 8. Imidazole was removed from 
each purified cytochrome bo3 sample, and the buffer was changed to 50 mM KPi, 0. 05 % DDM, 
10 mM EDTA, 5 % glycerol at pH 8.3, using an Amicon Ultra 15 concentrator with a 100,000 
molecular weight cutoff. The concentration of cytochrome bo3 was determined using an 
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extinction coefficient of 188 mM-1cm-1 for the peak of the Soret band (~408 nm). The 
concentrated protein sample was flash-frozen in liquid nitrogen and stored at – 80 °C before use. 
Table 3.4. The genotype of C43(DE3) auxotrophs used for the preparation of selectively 15N 
labeled cytochrome bo3 samples and amino acids supplemented to the minimal medium to grow 
these auxotrophs. 
E. coli C43(DE3) 
auxotrophs 
Genes knocked out 
Amino acids added to the minimal 
medium 
ML8 cyo, argH 105 mg/L Arg 
ML12 cyo, ilvE, avtA, aspC 
40 mg/L Ile, 40 mg/L Leu, 35 mg/L Val, 90 
mg/L Tyr, 50 mg/L Phe, 40 mg/L Asp 
ML17 glnA 750 mg/L Gln 
ML21 tyrA, hisG 18 mg/L Tyr, 15 mg/L His 
ML22 cyo, ilvE, avtA, aspC, hisG 
40 mg/L Ile, 40 mg/L Leu, 35 mg/L Val, 90 
mg/L Tyr, 50 mg/L Phe, 40 mg/L Asp, 16 
mg/L His 
ML26 
cyo, ilvE, avtA, aspC, hisG, 
argH 
40 mg/L Ile, 40 mg/L Leu, 35 mg/L Val, 90 
mg/L Tyr, 50 mg/L Phe, 40 mg/L Asp, 16 
mg/L His, 105 mg/L Arg 
ML30 
cyo, ilvE, avtA, aspC, hisG, 
argH, glnA 
40 mg/L Ile, 40 mg/L Leu, 35 mg/L Val, 90 
mg/L Tyr, 50 mg/L Phe, 40 mg/L Asp, 16 
mg/L His, 105 mg/L Arg, 750 mg/L Gln 
ML32 cyo, argH, glnA 105 mg/L Arg, 750 mg/L Gln 
ML34 cyo, argH, glnA, hisG 105 mg/L Arg, 750 mg/L Gln, 16 mg/L His 
 
3.2.3 Generation of Semiquinone at the QH-site of Cytochrome bo3 
Each cytochrome bo3 sample (~0.5-1 mL of ~50-80 μM) was dialyzed against 0.5 L of 50 
mM KPi buffer, 0.05 % DDM, 10 mM EDTA, 5 % glycerol at pH 8.3 for 5-10 h. The sample was 
then concentrated with Microcon YM-100 to about 200-400 μM. After the concentrated sample 
was made anaerobic by equilibration with argon gas using a vacuum line, about 500-fold excess 
sodium ascorbate in an anaerobic solution of the same buffer was added to the sample using a 
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gas-tight syringe. After the mixture was incubated at 4 °C for 3 h, it is rapidly transferred to an 
argon-flushed EPR tube, and immediately frozen with liquid nitrogen [20, 21]. 
3.2.4 Pulsed EPR Experiments 
The EPR measurements of the semiquinone at the QH-site were performed as described 
previously [20, 21]. All pulsed EPR experiments and subsequent data processing were carried 
out by Professor Sergei A. Dikanov, Dr. Rimma I. Samoilova and Dr. Kuppala V. Narasimhulu from 
Illinois EPR center. The measurements were taken at 50 K using an X-band Bruker ELEXSYS E580 
spectrometer equipped with an Oxford CF935 helium cryostat. The microwave frequencies used 
were approximately 9.7 GHz and for each measurement, the magnetic field was set at a value (~ 
346 mT) that would give the maximum intensity of the field-swept spectrum. In three-pulse 
ESEEM experiments (π/2 - τ - π/2 - T - π/2 - τ - echo), the intensity of the stimulated echo after 
the third pulse was collected as a function of the time interval T between the second and third 
microwave pulses. To overcome possible suppression effects, the τ value was also varied in each 
three-pulse ESEEM experiment giving rise to a stacked plot of three-pulse ESEEM spectra where 
individual traces correspond to spectra with different τ values. In 2D four-pulse ESEEM 
experiments (π/2- τ - π/2- t1 - π - t2 - π/2- τ -echo) also known as HYSCORE experiments, the 
amplitude of the stimulated echo was measured as t1 and t2 were varied while τ was kept 
constant. Fourier transformation of the echo envelopes from each four-pulse ESEEM experiment 
along t1 and t2 gave a 2D spectrum with equal resolution in each dimension. Bruker WIN-EPR 
software was used to process the collected ESEEM data as described in previous reports [20, 21]. 
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3.3 Results and Discussion 
Pulsed EPR spectroscopy is excellent in investigating the interactions between the 
semiqunone radical at the QH-site of cytochrome bo3 and surrounding protein matrix. Previous 
ESEEM spectroscopic studies of the semiquinone at the QH-site showed sharp peaks arising from 
a 14N nucleus that satisfies the “cancellation condition” where the nuclear Zeeman and 
hyperfine interactions approximately cancel each other in one electron spin manifold [18, 21]. 
Based on the observed signals, it is clear that this nitrogen is hydrogen bonded to a carbonyl 
oxygen of the semiquinone. However, it was not possible to identify the source of this nitrogen 
from its nuclear quadrupole tensor. According to the model for the QH-site based on the crystal 
structure of cytochrome bo3, four residues namely R71, D75, H98 and Q101 of subunit I are 
involved in the binding of the ubiquinone at the QH-site [9]. Thus, it is likely that the 
semiquinone at the QH-site interacts with more than one nitrogen nucleus even though only one 
meets the “cancellation condition” and is revealed in the ESEEM studies. This is because the 
naturally abundant 14N isotope (I = 1) is quadrupolar in nature and 14N nuclei with weak 
hyperfine couplings do not produce significant signals in the ESEEM spectra of powder samples. 
One approach to overcome this barrier is to prepare samples enriched with 15N isotope 
(I = ½), which is not complicated by nuclear quadrupole interactions. Using the E. coli C43(DE3) 
auxotrophs newly created in this study, a number of wild-type as well as D75H mutant 
cytochrome bo3 samples selectively enriched with 
15N at specific QH-site residues were prepared 
for pulsed EPR measurements (Table 3.3). Three amino acids namely Arg, His and Gln were 
targeted for selective 15N labeling because the corresponding residues are involved in the 
current model of QH-site shown in Figure 3.1. The molecular structure and atomic numbering of 
each of the three amino acids are displayed in Figure 3.4. The high expression level of 
cytochrome bo3 by C43(DE3) auxotrophs minimized the amount of isotopes required to achieve 
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efficient isotope labeling. Typically, 1-1.5 L of isotope-supplemented cultures yielded 5-10 mg of 
cytochrome bo3 enough to carry out pulsed EPR experiments. 
 
Figure 3.4. The structures of amino acids selectively labeled in this study showing the atomic 
numberings. 
3.3.1 Three-pulse ESEEM versus HYSCORE Spectroscopy 
Pulsed EPR spectroscopy measures nuclear transition frequencies indirectly through 
perturbations in EPR transitions. Three-pulse ESEEM measurements of the semiquinone at the 
QH-site of wild-type cytochrome bo3 produced three sharp peaks at 0.95, 2.32 and 3.27 MHz 
designated as ν0, ν– and ν+ and a broad signal at a higher frequency (~5.1-5.2 MHz), which is 
assigned as νdq (Figure 3.5A). These results are identical to those obtained in previous reports 
[18, 21]. The three narrow and intense peaks can be related by ν+ = ν0 + ν– and therefore must 
arise from the nuclear quadrupole interactions of a 14N nucleus that meets the “cancellation 
condition”. The broad νdq signal corresponds to the double-quantum transition of the same 
14N 
L-Arginine
L-Histidine
L-Glutamine
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nucleus from the other electron-spin manifold. HYSCORE spectroscopy of the same semiquinone 
generated not only the transitions observed in the three-pulse ESEEM spectrum, but also cross-
peaks between ν+ and νdq indicating that they arise from the nuclear transitions of opposite 
electron-spin manifolds (Figure 3.6A). Thus, the HYSCORE spectrum confirmed that the three-
pulse ESEEM signals are due to a single 14N nucleus, which has isotropic hyperfine coupling (Aiso) 
roughly equal to twice the 14N Zeeman frequency (νI), which is ~ 1.06 MHz for the microwave 
frequency applied in this study. Calculation from these data yielded K ~ 0.93 MHz and η ~ 0.51 
for the 14N nucleus. In addition, the isotropic hyperfine coupling constant for the 14N nucleus 
was determined to be ~ 1.8 MHz [18, 21]. Based on the derived quadrupole tensor of the 14N 
nucleus, these previous studies could only rule out a histidine sidechain from the possible 
sources of the observed 14N nucleus, and definitive identification of the nitrogen was not made. 
A likely candidate for the source of the 14N ESEEM signals of the QH-site semiquinone in 
wild-type cytochrome bo3 is R71 of the subunit I. According to the proposed model of the QH site 
shown in Figure 3.1, an Nη of R71 forms a hydrogen bond with the O-1 of the ubiquinone. In 
order to determine whether any Nη of R71 is responsible for the observed 
14N ESEEM signals, 
ESEEM experiments were performed on the QH-site semiquinone of wild-type cytochrome bo3 
selectively enriched with 15N at Nη of all arginine residues. The 
15Nη-Arg labeled enzyme was 
expressed from an arginine auxotroph, ML8, grown in minimal medium supplemented with 15Nη-
Arg isotope as indicated in Table 3.3. The three-pulse ESEEM experiment performed on the QH-
site semiquinone of the 15Nη-Arg labeled wild-type enzyme produced the same set of 
14N signals 
observed with the unlabeled sample (Figure 3.5B), excluding the Nηs of R71 as the origin of the 
14N ESEEM signals. The HYSCORE spectrum of the 15Nη-Arg labeled wild-type cytochrome bo3 
displayed not only the strong 14N peaks, but also two small cross peaks centered approximately 
at 1.5 MHz which coincides with the 15N Zeeman frequency (Figure 3.6B). The two small cross 
84 
 
peaks with coordinates 1.43 and 1.58 MHz are most probably produced by 15Nη of R71 and 
possess a small hyperfine coupling constant (A) of ~ 0.15 MHz. In the three-pulse ESEEM  
 
Figure 3.5. Stacked plots of three-pulse ESEEM spectra of the semiquinone at the QH-site of of 
unlabeled (A) and 15Nη Arg labeled (B) wild type cytochrome bo3. The insert in (B) shows the 
structure of 15Nη Arg. The spectra were obtained by Fourier transformation along the time T 
between the second and third pulses at different τ. The highest trace correspond to τ = 88 ns, 
which was increased by 16 ns in successive traces. The microwave frequency was 9.7 GHz and 
the magnetic field was 346.0 mT. (copyrighted by the American Chemical Society) 
(A)
(B)
ν0
ν0 ν–
ν–
ν+
ν+
νdq
νdq
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spectrum shown in Figure 3.5B, the signals from the 15Nη of R71 are not visible due to the 
prevailing 14N peaks. These results demonstrate that the HYSCORE experiment is more sensitive 
than the three-pulse ESEEM counterpart, and the 2-D spectrum produced by a HYSCORE 
spectroscopy can be used to resolve nuclear transition frequencies of weakly coupled 15N nuclei. 
Thus, only data from HYSCORE experiments will be discussed for the subsequent samples. 
 
Figure 3.6. The contour HYSCORE spectra of the semiquinone at the QH site of the wild-type 
cytochrome bo3 without isotope labels (A, B) and with 
15Nη labeled Arg (C, D). The time between 
the first and second pulses, τ, was 136 ns. The microwave frequencies and magnetic fields were 
9.70 GHz and 345.0 mT for the unlabeled sample and 9.712 GHz and 346.3 mT for the 15Nη Arg 
labeled sample. (copyrighted by the American Chemical Society) 
 
 
(A)
(C)
(B)
(D)
F1: [MHz]
F1: [MHz]
F2: [MHz]
F2: [MHz]
0.0
0.0
1.0
1.0
0.0
0.0
1.0
1.0
15N
ν0
ν0
ν–
ν–
ν+
ν+
(ν+,νdq)
(ν+,νdq)
(νdq,ν+)
(νdq,ν+)
ν0
ν0
86 
 
3.3.2 Identification of the 14N Nucleus Detected in ESEEM Spectroscopy 
Previous ESEEM studies suggested that the observed 14N signals are likely to originate 
from either a backbone nitrogen or R71, and ruled out histidine sidechain as the source of the 
nitrogen [18, 21]. In the proposed model of the QH-site shown in Figure 3.1, R71, D75, H98 and 
Q101 from subunit I are directly interacting with the two carbonly oxygen atoms of the bound 
ubiquinone. Thus, the most probably candidates for the source of the 14N nucleus detected in 
ESEEM measurements include the sidechains of R71 and Q101 as well as the backbone nitrogen 
(Nα) from any nearby residues. As discussed in the previous section, pulsed EPR experiments on 
15Nη-Arg labeled wild-type enzyme have ruled out the two Nηs of R71 as the source of the 
14N 
ESEEM signals. Selective isotope labeling of wild-type cytochrome bo3 with either 
15Nε Gln or 
uniform-15N His does not affect the 14N ESEEM peaks as illustrated in the HYSCORE spectra 
collected with those samples (Figure 3.7). Therefore, the observed 14N nucleus is neither from 
H98 nor the sidechain of Q101. Nevertheless, these HYSCORE spectra reveal additional signals 
centered at about 15N Zeeman frequency (1.5 MHz). The signal from 15Nε Gln is relatively weak in 
the HYSCORE spectrum (Figure 3.7B), and the cross peaks if present must be located very close 
to the diagonal line, indicating that the Nε of Q101 probably does not interact directly with the 
semiquinone. The spectrum of the enzyme with the uniformly 15N labeled His also shows a 
maximum at the diagonal point of 15N Zeeman frequency along with extended shoulders 
corresponding to hyperfine couplings of ~ 0.3 and 0.6 MHz (Figure 3.7D). The presence of 
hyperfine couplings implies that some spin density has been transferred to the imidazole ring of 
H98. 
The ESEEM features due to the 14N nucleus with the “cancellation condition” completely 
disappear in the HYSCORE spectrum of the wild type enzyme with uniformly 15N labeled Arg 
(Figure 3.8B). The concomitant emergence of strong 15N cross peaks correlating the two 
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frequencies of ~ 0.3 and 2.7 MHz and centered at ~ 1.5 MHz can be interpreted to arise from the 
nitrogen that would otherwise give sharp 14N ESEEM peaks unless substituted by 15N isotope. 
The isotropic hyperfine coupling constant of the 15N nucleus is thus determined to be 2.4 MHz, 
which agrees excellently with the expected 15N hyperfine coupling constant of 2.5 MHz rescaled  
 
Figure 3.7. The contour HYSCORE spectra of the semiquinone at the QH site of the wild-type 
cytochrome bo3 with 
15Nε labeled Gln (A, B) and uniformly 
15N labeled His (C, D). The times 
between the first and second pulses, τ, were 136 ns for the spectra in A, B and C and 200 ns for 
the spectra in D. The microwave frequencies and magnetic fields were 9.711 GHz and 346.3 mT 
for the sample with 15Nε labeled Gln and 9.708 GHz and 346.3 mT for the sample with uniformly 
15N labeled His. (copyrighted by the American Chemical Society) 
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Figure 3.8. The contour HYSCORE spectra of the semiquinone at the QH site of the wild-type 
cytochrome bo3 uniformly labeled with 
15N (A) and with uniformly 15N labeled Arg (B). The time 
between the first and second pulses, τ, was 136 ns. The microwave frequencies and magnetic 
fields were 9.7 GHz and 345.2 mT for the uniformly 15N labeled sample and 9.71 GHz and 345.9 
mT for the sample with uniformly 15N labeled Arg. (copyrighted by the American Chemical 
Society) 
from the measured isotopic hyperfine coupling of 1.8 MHz for the 14N detected in the unlabeled 
sample. Since the 14N ESEEM signals disappear in the sample with uniformly 15N labeled Arg, but 
not in the sample with 15Nη-Arg, the observed 
14N ESEEM signals must originate from either Nε or 
Nα of R71. Since 
15Nε-Arg is not commercially available, cytochrome bo3 with 
15Nα-Arg was 
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prepared for ESEEM measurements in order to definitively determine whether the Nε or Nα of 
R71 is the source of the 14N ESEEM features. The HYSCORE spectrum from the enzyme with 15Nα-
Arg is identical to that obtained from the unlabeled sample and does not show any additional 
signal from 15N (data not shown). Therefore, the HYSCORE spectra from the cytochrome bo3 
samples with 15N at different sites of Arg have unambiguously identified the Nε of R71 as the 
14N 
nucleus detected in the ESEEM measurements.  
The isotropic hyperfine coupling mainly depends on the unpaired spin density in the 2s 
orbital of the nitrogen. For unit spin density in the 2s orbital of 14N, the computed isotropic 
hyperfine coupling is 1811 MHz [41]. Thus, the fraction of unpaired electron spin density (ρs) 
transferred to the 2s orbital of the Nε of R71 can be estimated to be 1.0 10-3 from the 14N 
isotropic hyperfine coupling of ~ 1.8 MHz [42]. The extended shape of the cross peaks from the 
15Nε of R71 also provides the estimation of anisotropic hyperfine coupling with the average 
perpendicular component of the tensor T ~ 0.4 MHz [42]. This anisotropic part of the hyperfine 
interaction is contributed by the distance-dependent dipole-dipole interaction as well as the 
unpaired spin density transferred onto the 2p3 orbitals of the nitrogen. The exact configuration 
of sp hybridization and the CNC bond angle must be known to reliably determine the fraction of 
unpaired spin density at the 2p3 orbitals of the nitrogen [36]. Since the computed anisotropic 
constant of 55.5 MHz for a 2p electron of 14N [41] is much smaller than the isotropic coupling for 
a 2s electron, the contribution from the unpaired spin density at 2p orbitals to T is relatively 
minor. Assuming that about the same fraction of unpaired spin density 1.0 10-3 is transferred to 
the 2p orbitals of the 15Nε of R71, that spin density would be responsible for ~ 0.056 MHz of the 
total T value of 0.28-0.29 MHz (rescaled to 14N from the value of 0.4 MHz determined for 15N). 
Therefore, the dipole-dipole interaction roughly accounts for the remaining amount of the T 
value, which is about 0.23 MHz. Based on the point dipole model, the dipole-dipole interaction 
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between the nitrogen and the unpaired spin density localized on the nearest carbonyl oxygen of 
the semiquinone (ρO) is given as T = ρO (8/r
3) where r is the distance between the nitrogen and 
oxygen [36]. Experimentally determined ρO for different semiquinone radicals ranges from 0.19 
to 0.23 [43]. Thus, the estimated values of 0.20 for ρO and 0.23 MHz for T would give a value of 
~1.9 Å for the N-O distance.  
The estimated H-bond distance of ~1.9 Å between the 15Nε of R71 and the QH-site 
semiquinone is shorter than 2.38 Å obtained in a similar manner for the Nε of His-217 and Qi-site 
semiquinone of cytochrome bc1 complex [36] and 2.2 Å for the Nδ of His-66 and semiquinone of 
E. coli nitrate reductase A [37]. The isotropic hyperfine coupling (A) between the Nε of R71 and 
the QH-site semiquinone is also over two folds greater than the values from the Nε of His-217 
from cytochrome bc1 complex [36] and the Nδ of His-66 from nitrate reductase A [37]. These 
results indicate that the hydrogen bond between the Nε of R71 and carbonyl O-1 of the 
semiquinone at the QH-site of cytochrome bo3 is considerably stronger than those in the other 
two systems. In fact, the strong H-bond between R71 and the carbonyl O-1 of semiquinone is 
expected for asymmetric binding of the QH-site semiquinone by the surround protein matrix 
proposed by previous EPR and theoretical studies [19, 20, 44]. 
It can be concluded from the current ESEEM studies that the Nε of R71 is the donor of 
the hydrogen bond to the carbonyl O-1 of the semiquinone at the QH-site. The current results 
seem to contradict the proposed QH-site model (Figure 3.1), in which one Nη of R71 forms a 
hydrogen bond with the carbonyl O-1 of ubiquinone. However, it should be noted that the 
ubiquinone species detected in the EPR studies is one-electron reduced semiquinone, whereas 
the proposed QH-site model is obtained with the oxidized state of the ubiquinone. It is possible 
that the ubiquinone adopts a different conformation or even occupies a different spatial 
location within the binding pocket as it undergoes an oxidation or reduction reaction. Some 
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examples of the dynamics of quinones bound to protein complexes that have been reported 
include the QB of photosynthetic reaction center, where the QB
– of the illuminated charge 
separated state is located about 5 Å from the position of the QB in the dark neutral species [45], 
and the ubiquinone binding site of E. coli complex II where the ligand is suggested to adopt two 
binding positions [46]. In the QH-site of cytochrome bo3, it is likewise possible that the oxidation 
of the bound semiquinone is accompanied by rearrangement of its position in the binding 
pocket. Since EPR can only probe the one-electron reduced semiquinone species, a different 
approach must be used to determine the structures of cytochrome bo3 with QH-site ubiquinone 
in both oxidized and reduced states. Attempts to achieve the structure of the QH-site ubiquinone 
using solid-state NMR (SSNMR) have been carried out in this study, and initial progress made is 
described in Chapter 5. 
3.3.3 Other Nitrogen Nuclei Weakly Coupled with the Semiquinone at the QH-site 
Both three-pulse ESEEM and HYSCORE measurements of the QH-site semiquinone in the 
“unlabeled” wild-type cytochrome bo3 reveal only the Nε of R71, which satisfies the 
“cancellation condition” (Figure 3.5A and Figure 3.6A). Other interacting nitrogen nuclei from 
the protein matrix do not possess strong isotropic hyperfine couplings, and therefore their 14N 
ESEEM signals are expected not only to be weak, but also substantially broadened by the 
orientation-dependent nuclear quadrupole interactions and completely eclipsed by the strong 
signals from the 14Nε of R71. In the sample uniformly labeled with 
15N, the HYSCORE spectrum 
shows overlapping signals from these weakly coupled nitrogen nuclei centered at the 15N 
Zeeman frequency of ~ 1.5 MHz (Figure 3.8A). In this study, selective 15N isotope labeling of 
cytochrome bo3 using the new E. coli C43(DE3) auxotrophs has enabled the detection of the 
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weakly coupled nitrogen nuclei and determination of the unpaired spin density located at each 
of these nuclei.  
The strong H-bond between the Nε of R71 and O-1 of the semiquinone leads to the 
delocalization of the spin density to at least one Nη of R71, which results in the small hyperfine 
coupling of ~ 0.15 MHz resolved in the HYSCORE spectra of the samples with 15Nη-Arg (Figure 
3.6D) as well as uniformly 15N labeled Arg (Figure 3.8B). Three wild-type protein samples 
selectively labeled with 15N His were prepared for HYSCORE experiments in this study. One of 
the samples was incorporated with uniformly 15N labeled His, and the second one with ring-15N 
(Nδ and Nε) labeled His. There is no visible difference between the HYSCORE spectra from these 
two samples (Figure 3.7B and Figure 3.9A), and therefore, it can be deduced that the backbone 
nitrogen or Nα of H98 is not directly involved in interacting with the semiquinone. The HYSCORE 
spectrum of the enzyme with ring 15N2 His shown in Figure 3.9A includes an extended ridge 
centered at the 15N Zeeman frequency (~1.5 MHz), which is absent in the spectrum of the 
sample with 15Nδ His (Figure 3.9B), indicating that the extended 
15N feature is primarily due to 
the Nε of a His residue. This extended 
15N feature can be attributed to significant anisotropic 
coupling of the Nε of H98, which is the most likely His residue interacting with the semiquinone. 
Therefore, the Nε of H98 must be located close to the carbonyl oxygen-4 of the semiquinone. 
However, a hydrogen bond between the Nε of H98 and the carbonyl oxygen-4 of the 
semiquinone is unlikely because of the absence of a large isotropic hyperfine coupling. It is 
possible that the imidazole ring of H98 is π-stacked over the semiquinone ring in such a way that 
the Nε of H98 is spatially close to the carbonyl oxygen-4 of the semiquinone, giving rise to the 
extended 15N feature. The isotropic hyperfine coupling of the Nε of H98 is approximately 0.3-0.6 
MHz, which is significantly smaller than the value reported for the indole nitrogen of the 
tryptophan where the indole ring is presumably π-stacked with the phyllosemiquinone A1ˉ of 
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the photosystem I [47]. Therefore, any π-stacking between the imidazole ring of H98 and the QH-
site semiquinone appears to be relatively weak and does not result in the transfer of significant 
unpaired spin density.  Although a hydrogen bond between H98 and the carbonyl oxygen-4 of 
the semiquinone is unlikely based on the current EPR results, a hydrogen bond between the H98 
and a methoxy oxygen cannot be excluded. Theoretical modeling based on the current EPR 
results may be able to predict the exact nature of the interaction between H98 and the QH-site 
semiquinone. 
 
Figure 3.9. The contour HYSCORE spectra of the semiquinone at the QH site of wild-type 
cytochrome bo3 with ring-
15N2 labeled His (A), with 
15Nδ labeled His and uniformly labeled with 
15N except for Arg, Gln and His (C). The times between the first and second pulses, τ, was 136 ns. 
The microwave frequencies and magnetic fields were 9.71 GHz and 346.2 mT for the spectra in 
(A) and (C), and 9.70 GHz and 345.3 mT for the spectrum in (B). 
The HYSCORE spectrum of the sample with 15Nε Gln only reveals a weak 
15N diagonal 
peak and lacks any resolved 15N hyperfine coupling (Figure 3.7A). Therefore, it can be assumed 
that the Nε of Q101 does not interact directly with a carbonyl oxygen of the semiquinone radical 
since it only possesses very weak dipolar coupling. However, it is still possible that there is a 
hydrogen bond between the oxygen from the sidechain of Q101 and a semiquinone carbonyl 
oxygen. The HYSCORE spectrum of the wild-type bo3 sample uniformly labeled with 
15N except 
for Arg, His and Gln is displayed in Figure 3.9C. Additional nitrogen nuclei from residues other 
than Arg, His and Gln coupled to the semiquinone are expected to be uncovered in this 
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HYSCORE spectrum. Since the only 15N signal detected in the HYSCORE spectrum is a weak 15N 
Zeeman peak at ~ 1.5 MHz, it is reasonable to claim that only the nitrogen nuclei from R71 and 
H98 directly interact with the semiquinone radical at the QH-site.  
It should be noted that the results presented here do not provide any detail regarding 
the interaction between the semiquinone and the sidechain of D75. Cytochrome bo3 samples 
with 13C or 17O labeled Asp are required to probe any coupling between the semiquinone and 
D75, and an Asp auxotroph E. coli strain is needed to prepare these samples. Unfortunately, 
deletion of asnA and asnB genes resulted in poor growth of the bacterial cultures as described in 
the previous chapter. Nevertheless, a uniformly 15N labeled wild-type cytochrome bo3 sample 
with 1,4-13C Asp has been prepared using ML36 strain and analyzed by pulsed EPR experiments. 
The auxotroph used is less than ideal for selective labeling of Asp residues because the isotopes 
can possibly be distributed to other residues, especially Asn, Thr and Lys. Although the HYSCORE 
spectroscopy does not exhibit any 13C signal (data not shown), it is still possible that there is a 
hydrogen bond between a carboxyl oxygen of D75 and the QH-site semiquinone since the spin 
density transferred to the 13Cγ of D75 is likely to be insignificant. An enzyme sample with 
17O 
labeled D75 is better suited for this purpose. However, 17O labeled Asp required to prepare such 
a sample is currently unattainable at an affordable price. 
3.3.4 ESEEM Studies on the Semiquinone of D75H Mutant Cytochrome bo3 
Almost all mutations at the QH-site of cytochrome bo3 have been shown to eliminate the 
ubiquinol oxidase activity of the enzyme with one exception [9]. When the D75 residue was 
conservatively mutated to Glu, the resulting D75E mutant cytochrome bo3 is fully functional 
with little perturbation to the interactions between the semiquinone and the surrounding 
residues [21]. Another mutant enzyme, D75H, was also shown to stabilize the semiquinone at a 
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similar reducing potential as the wild-type enzyme although the D75H mutant version 
completely lacks the ubiquinol oxidase activity [15]. A previous pulsed EPR study on the D75H 
mutant enzyme revealed 14N ESEEM signals from a nitrogen distinct from the peaks seen in the 
wild-type sample. The sharp 14N ESEEM signals from the D75H mutant also originate from a 
nitrogen nucleus that roughly satisfies the “cancellation condition” under X-band EPR 
frequencies, and based on the measured quadrupole nuclear tensor, it was suggested that the 
nitrogen belonged to a histidine sidechain [21]. 
In this study, selectively 15N labeled D75H mutant cytochrome bo3 samples were also 
prepared from C43(DE3) auxotrophs and analyzed by pulsed EPR spectroscopy. The 14N ESEEM 
signals completely disappear in the HYSCORE spectrum of the D75H mutant sample with 
uniformly 15N labeled His (Figure 3.10B). This result confirmed the prediction made in the 
previous report that the 14N ESEEM signals of the D75H mutant arise from the imidazole ring of 
H75 in the D75H mutant enzyme [21]. In order to definitively identify whether the Nδ or Nε of 
H75 is donating the strong hydrogen bond to the O-1 carbonyl of the semiquinone, a D75H 
mutant sample with 15Nδ His was prepared (Table 3.3). Since the 
14N ESEEM peaks remain 
present in the HYSCORE spectrum of the sample with 15Nδ His (Figure 3.10C), it can be concluded 
that the 14N ESEEM features in the D75H mutant bo3 originate from the Nε of H75. Both the 
HYSCORE spectra from the uniformly 15N labeled and 15N His labeled D75H mutant enzymes 
contain a pair of strong cross peaks in the (-+) quadrant correlating ~ 0.4 MHz and 3.27 MHz as 
well as overlapping signals centered at the Zeeman frequency (~1.5 MHz) in the (++) quadrant 
(Figure 3.10). The coordinates of the strong cross peaks in the (-+) quadrant are related to the 
isotropic coupling (Aiso) and the 
15N Zeeman frequency (νI), and can be written as Aiso/2 ± νI, from 
which Aiso can be determined to be ~ 3.67 MHz. The measured Aiso value of the 
15N nucleus  
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Figure 3.10. The contour HYSCORE spectra of the semiquinone at the QH site of cytochrome bo3 
D75H mutant uniformly labeled with 15N (A), with uniformly labeled 15N His (B) and with 15Nδ His 
(C). Both (++) and (-+) quadrants are shown. The times between the first and second pulses, τ, 
was 136 ns. The microwave frequencies and magnetic fields were 9.71 GHz and 346.4 mT for the 
spectra in (A) and (B), and 9.7 GHz and 345.0 mT for the spectrum in (C). 
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coincides with the expected value of 3.7-3.8 MHz for the nitrogen nucleus that generates strong 
14N ESEEM signals and has 14N isotropic coupling of ~ 2.7 MHz [21].  
From the HYSCORE spectra, it can be concluded that all the other nitrogen nuclei are 
only weakly coupled to the semiquinone of the D75H mutant enzyme and their 15N signals are 
centered at the 15N Zeeman frequency in the (++) quadrant. The HYSCORE spectrum from the 
enzyme with 15N3 His has weakly resolved hyperfine couplings of ~ 0.70 and 0.94 MHz that 
probably arise from two 15N nuclei of a π-stacked imidazole group (Figure 3.10B). Thus, in the 
D75H mutant cytochrome bo3, the Nε of H75 is connected to a carbonyl oxygen of the 
semiquinone through a strong hydrogen bond, while the imidazole ring of H98 is probably π-
stacked over the semiquinone.  
The significantly stronger signals of the weakly coupled nuclei at the 15N Zeeman 
frequency from the uniformly 15N labeled sample suggest that residues other than His are also 
interacting with the semiquinone in the D75H mutant enzyme (Figure 3.10). The possible 
candidates interacting with the semiquinone include R71 and Q101. Unfortunately, the 
HYSCORE spectra collected from the D75H mutant enzymes selectively labeled with 15N Arg or 
15N Gln were not able to resolve the signals from the weakly coupled 15N because any such 
signal is overshadowed by the much stronger 14N ν+ peak from the hydrogen bonded histidine 
residue located at ~ 1.61 MHz (Figure 3.11). Therefore, a reverse labeling approach, in which the 
enzyme was uniformly labeled except for selected amino acid types, was applied in order to 
probe the contribution of R71 and Q101 to the 15N signals. The HYSCORE spectrum of the D75H 
mutant enzyme uniformly labeled with 15N except for Arg (Figure 3.12A) has signals centered at 
the 15N Zeeman frequency (~1.5 MHz) that are considerably weaker than those in the uniformly 
15N labeled sample (Figure 3.10A). More specifically, the extended shoulders with approximate 
hyperfine coupling of 0.63 MHz seen in the HYSCORE spectrum of the uniformly 15N labeled 
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sample are substantially reduced in the sample where Arg is not enriched with 15N, indicating 
that there is a hydrogen bond between the semiquinone and R71, which results in the transfer 
of a small amount of unpaired spin density to a nitrogen nucleus of R71. 
The HYSCORE spectrum of the D75H mutant sample uniformly labeled with 15N except 
for Arg and Gln displayed the sharp 14N peaks from the hydrogen bonded histidine residue,  
 
Figure 3.11. The contour HYSCORE spectra of the semiquinone at the QH site of cytochrome bo3 
D75H mutant with uniformly 15N labeled Arg (A) and 15Nε labeled Gln (B). Both (++) and (-+) 
quadrants are shown. The times between the first and second pulses, τ, was 136 ns. The 
microwave frequencies and magnetic fields were 9.71 GHz and 346.2 mT for the sample with 15N 
labeled Arg (A) and 9.71 GHz and 346.4 mT for the sample with amide 15N labeled Gln (B). 
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Figure 3.12. The contour HYSCORE spectra of the semiquinone at the QH site of cytochrome bo3 
D75H mutant uniformly labeled with 15N except for Arg (A) and uniformly labeled with 15N 
except for Arg and Gln (B). Both (++) and (-+) quadrants are shown. The times between the first 
and second pulses, τ, was 136 ns. The microwave frequencies and magnetic fields were 9.71 GHz 
and 346.1 mT for both spectra. 
which are expected to be absent in samples with 15N labeled His (Figure 3.12B). The appearance 
of the 14N ESEEM signals must be due to the transfer of 14N isotope from Gln to His through 
cellular biosynthesis. Even though a Gln auxotroph was used to prepare the sample, deleting the 
glnA gene apparently did not hinder the conversion of Gln into Glu, eventually resulting in 14N 
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labeled His. The fraction of His incorporated with 14N was not determined in this study. However, 
only a only a small fraction of 14N labeled His is required to generate the strong 14N ESEEM 
signals, and the amount of 14N labeled His in the sample was large enough to suppress the 
signals from the weakly coupled 15N nuclei in the HYSCORE spectrum and prevent any 
assessment of the coupling between the semiquinone and Q101. 
Table 3.5. Hyperfine couplings of nitrogen nuclei at the QH-site of cytochrome bo3 
Cytochrome bo3 Residue Nitrogen Hyperfine Coupling (MHz)* 
Wild-type 
R71 
Nε 2.4 (1.8) 
Nη 0.15 
H98 Nδ, Nε 0.3, 0.6 (π-stacked) 
Q101 Nε Dipolar only 
D75H mutant 
H75 Nε  3.67 (2.7) 
H98 Nδ, Nε 0.7, 0.94 (π-stacked) 
R71 Nε or Nη 0.63 
Q101 Nε Not determined 
* The values in parentheses indicate Aiso for 
14N nuclei. The rest are for 15N nuclei. 
3.4 Conclusions 
In this study, the pulsed EPR experiments performed with the selectively 15N labeled 
cytochrome bo3 samples have led to the unambiguous assignment of the Nε of R71 as the 
nitrogen that is strongly coupled to the QH-site semiquinone in the wild-type enzyme and gives 
rise to the strong 14N ESEEM signals. In addition, selective 15N labeling of cytochrome bo3 has 
enabled the detection of even weak interactions between the semiquinone and individual 
residues at the ubiquinone binding site as summarized in Table 3.5. The HYSCORE data suggest 
that H98 at the QH-site is weakly coupled to the semiquinone radical possibly through π-stacking, 
and there is no direct interaction between the semiquinone and Q101. The 15N selective labeling 
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has also identified the Nε of H75 as the nitrogen hydrogen bonded with the semiquinone at the 
QH-site of D75H mutant enzyme. The HYSCORE results also imply that in the D75H mutant, there 
is a weak hydrogen bond between R71 and the semiquinone, whereas the imidazole ring of H98 
is probably π-stacked with the quinone ring. Overall, the pulsed EPR experiments carried out in 
this study constitute a major step towards complete characterization of the distribution of the 
unpaired spin density of the semiquinone radical. The interactions between the semiquinone 
and nearby residues unraveled in this study are crucial to understand how the radical is 
stabilized inside the protein’s binding pocket and establish a foundation for future advanced 
theoretical studies. 
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CHAPTER 4: SOLID-STATE NMR STUDIES ON AMINO ACID SELECTIVE 13C, 
15N ISOTOPE LABELED CYTOCHROME BO3 FROM 
ESCHERICHIA COLI2
4.1 Introduction 
 
Solid-state nuclear magnetic resonance (SSNMR) is a powerful tool in structural 
investigations of biological macromolecules [1]. It can be used to solve the structure of 
biomolecules at the atomic-level without acquiring a highly ordered crystal, which is often a 
major obstacle in the X-ray diffraction studies of membrane proteins [2-4]. Unlike solution NMR, 
there is no theoretical limit on the size of the molecule that can be analyzed by SSNMR magic-
angle spinning (MAS) techniques. Thus, SSNMR has increasingly become a major force in 
structural characterization of many biological molecules. The ability of SSNMR techniques to 
study membrane proteins within their native lipid environment is particularly helpful because 
analyzing membrane proteins with traditional methods remains challenging. 
Although SSNMR can potentially be employed to study biomolecules of any size, its 
application to large membrane protein complexes has been quite limited. The first step towards 
any structural or mechanistic studies is the assignment of chemical shifts, a task which becomes 
exponentially more challenging as the size of the molecule increases. Two features of 
membrane proteins make the analysis of simple one and two dimensional experiments with 
uniformly-13C, 15N labeled samples particularly difficult. The first is their high molecular mass, 
which results in substantial line-broadening, and the second, the multiple transmembrane α-
helical segments leading to resonances that fall within a narrow range of chemical shifts. These 
features create chemical shift degeneracy making chemical shift assignment of membrane 
proteins a major challenge. Nonetheless, technical advances in recent years have led to partial 
                                                          
2 This chapter was adapted from the manuscript under preparation by Sperling LJ, Lin MT, Frericks 
Schmidt HL, Tang M, Gennis RB and Rienstra CM. 
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chemical shift assignments of several membrane proteins prepared with both uniformly and 
selectively labeled samples. For examples, chemical shift assignments exist for the 94 residues of 
LH2 complex [5], almost the entire transmembrane section of DsbB [6, 7], sensory rhodopsin II 
[8], proteorhodopsin [9] and LH1 complex [10]. 
In the last decade or so, a variety of selective isotope labeling approaches have been 
developed in order to simplify the spectra and aid in the assignment of chemical shifts. The 
strategy of reverse-labeling, in which a selected set of amino acid residues at natural abundance 
are incorporated into an otherwise uniformly 13C, 15N labeled protein sample, has been shown to 
improve the NMR sensitivity and resolution [8, 9, 11, 12]. Alternatively, specific sites in the 
residues can be isotopically enriched with the addition of specifically 13C-labeled carbon sources 
such as glycerol, glucose or succinic acid in the expression medium [13-15]. For proteins with 
larger molecular weights, further simplification of the spectra can be achieved by incorporation 
of isotope labels at only selected amino acid residue types [16, 17]. In order to achieve the 
efficient labeling of the selected residues without dilution of the isotopes by endogenous amino 
acid biosyntheses and scrambling of the labels to other residue types, auxotrophic bacterial 
strains are often used as expression hosts [18-20]. However, suitable auxotroph strains that are 
compatible with expression vectors and at the same time give high protein yields are often not 
available. Without auxotrophic bacterial hosts, residue specific labeling of protein samples for 
SSNMR can still be performed by addition of excess non-labeled amino acids for feedback 
inhibitions and inhibitors that block interconversion between different amino acids. Although 
the isotopic dilution and scrambling cannot be completely eliminated, labeling specificity has 
been markedly improved with such an approach [21].  
In recent years, in vitro protein synthesis has advanced significantly and, accordingly, 
there have been numerous NMR studies on samples prepared in vitro [22-24]. Sample 
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preparations by Cell-free (CF) protein synthesis have some advantages over the in vivo 
biosynthesis. The open nature of the CF expression system means that chaperones, detergents 
or ligands can be conveniently added to the reaction as necessary to increase the yield of folded 
proteins. The CF system is especially suitable for producing cytotoxic proteins and membrane 
proteins since the over-expression of these proteins is normally toxic in the cell-based 
biosynthesis. This procedure has been shown to be successful for numerous membrane proteins, 
such as the organic cation and anion transporters of the SLC22 protein family [25], bacterial 
light-harvesting integral membrane protein [26], a mechanosensitive ion channel [27], small 
drug transporters such as EmrE and SugE [28, 29], TehA [28], cysteine transporter YfiK [28] and 
G protein coupled receptors [30, 31]. More importantly, the ability to incorporate any 
combination of labeled amino acids with very little metabolic conversion to unwanted residue 
types makes the CF protein synthesis particularly attractive in sample preparations for NMR 
studies. Despite these benefits, the CF membrane protein expression is still limited to small to 
medium size proteins with relatively simple assembly processes. For large multisubunit 
membrane protein complexes with several cofactors such as hemes, in vivo expression in 
bacterial hosts such as E. coli remains the only option. 
Although the crystal structure of cytochrome bo3 shown in Figure 4.1A has been 
extremely useful in locating the proton channels and identifying the high-affinity ubiquinone 
binding site known as the QH-site, the resolution is not high enough to confirm the presence of 
the functionally important Tyr-His crosslink at the active site where the reduction of molecular 
oxygen takes place [9]. The post-translationally modified crosslink between a tyrosine residue at 
the active site (Tyr288) and a histidine residue ligated to the CuB ion (His284) has been 
suggested to increase the electron affinity and decrease the proton affinity of the tyrosine 
residue [33, 34]. Understanding the protonation states and dynamics of these residues is 
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invaluable to achieve further insights into the operating mechanism of the enzyme’s active-site. 
Another important feature absent in the crystal structure was the ubiquinone cofactor at the 
QH-site because no ubiquinone was bound to the enzyme under the condition used to obtain the 
crystals. SSNMR spectroscopy has the potential to decipher the missing pieces of information, as 
well as provide additional mechanistic information such as the protonation state and sidechain 
conformation of key residues throughout the protein. A previous SSNMR study of uniformly 13C, 
15N labeled cytochrome bo3 demonstrated that detergent-depleted cytochrome bo3 samples in 
their native lipid environment had secondary structures consistent with the enzyme’s structure 
obtained by the X-ray diffraction method [39]. In order to assign resonances of the residues at 
the active site of such a large complex, dramatic simplification of the spectra by the use of 
amino acid selective labeling is required. 
 
Figure 4.1. The X-ray crystal structure of cytochrome bo3 from E. coli [9]. (A) A cartoon 
representation of the four subunits of cytochrome bo3 with heme b, heme o and CuB. (B) The 
residues near the CuB site. His333, His334 and His284 are ligands to CuB. Note the cross-link 
between His284 and Tyr288, which is immediately followed by a unique sequence of Ile-Leu-Ile-
Leu quartet. 
(A)
His333
His334
CuB
His284
Tyr288
Ile289
Leu290
Ile291
Leu292
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In this study, three cytochrome bo3 samples, in which selected pairs of amino acids were 
isotopically enriched with 13C and 15N, were prepared and analyzed by magic-angle spinning 
SSNMR methods. Amino-acid auxotrophic E. coli C43(DE3) strains described in Chapter 2 were 
used in the expression of these amino-acid pair-wise selectively labeled samples. The pairs of 
amino acids chosen for selective labeling were Ile-Leu, Tyr-Ile and Tyr-His because the cross-
linked Tyr residue is immediately followed by an ILIL sequence giving rise to a YIL triplet and an 
ILIL quartet, which are unique to this region of the protein (Figure 4.1B). Initial SSNMR analyses 
showed clean and efficient labeling in these samples with very little or no scrambling of isotopes 
to unwanted amino acids. In addition, the resolution and sensitivity have been considerably 
improved compared to the uniformly labeled samples. The results obtained from this early 
investigation demonstrate that the resolution enhancements gained through this pair-wise 
labeling strategy will allow for unambiguous site-specific assignments of SSNMR resonances for 
the cross-linked Tyr288 and His284 residues. In addition these samples have the potential to 
reveal other important aspects of cytochrome bo3, such as CuB ligands (His333 and His334) and 
residues near the QH-site (Tyr97, His98 and His99). 
4.2 Materials and Methods 
4.2.1 Materials 
The materials were acquired as described in section 3.2.1. 
4.2.2 Expression of Amino Acid Specific Isotope Labeled Cytochrome bo3 Samples 
Cytochrome bo3 enzymes were expressed from the inducible pET17b vector using a 
modified M63 minimal medium as described in section 3.2.2. The properties of C43(DE3) 
auxotrophs used for the production of different selectively labeled samples are listed in Table 
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4.1. Each liter of minimal medium contained 3 g KH2PO4, 7 g K2HPO4, 2 g glucose, 2 g NH4Cl, 10 
mg thiamine, 100 mg ampicillin, 50 mg kanamycin, 10 μM CuSO4, 30 μM FeSO4 and 1 mM MgSO4. 
The amino acids supplemented in the minimal growth medium to express the three pair-wise 
residue specific isotope labeled cytochrome bo3 samples are listed in Table 4.2. For each sample, 
a 2 mL LB culture was grown from a glycerol stock for 10 h. 20 µL of the LB culture was then 
transferred to 10 mL M63 minimal medium. After about 12 h of growth, the culture was then 
enlarged to the final volume (either 3 L or 4 L). When the cell density reached an OD600 of ~ 0.6, 
0.5 mM IPTG was introduced into the culture, which was then harvested 4–6 h later. For the Ile-
Tyr labeled and Tyr-His labeled samples, the culture volume in each 2L-flask was reduced from 1 
L to 0.3 L and the duration of induction was increased from 4 h to 6 h. These changes resulted in 
significantly higher yields of the enzymes as indicated in Table 4.2. 
Table 4.1. The genotypes and amino acid requirement of the C43 (DE3) auxotroph strains 
Strains Genes deleted Amino acids required for growth 
ML2 ilvE Ile, Leua 
ML6 ilvE, avtA Ile, Val, Leua 
ML12 ilvE, avtA, aspC Ile, Val, Leua 
ML22 ilvE, avtA, aspC, hisG Ile, Val, His, Leua 
a. In the presence of 0.4–1 mM Tyr, tyrB can be repressed and Leu is required for growth in 
minimal medium. 
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Table 4.2. Amino acids added to the minimal medium for isotope labeling of cytochrome bo3 at 
selected amino acid residue types 
13C15N 
labeled 
residue 
types 
Auxotroph 
strains 
Amino acids added per liter of minimal 
mediumb 
Culture volumes 
in liters and 
protein yields in 
milligrams 
Ile, Leu ML6 
75 mg 13C15N Ile, 75 mg 13C15N Leu, 35 
mg Val, 180 mg Tyr 
4 L, 20 mg 
Ile, Tyr ML22 
50 mg 13C15N Ile, 80 mg 13C15N Tyr, 40 mg 
Leu, 35 mg Val, 50 mg Phe, 40 mg Asp, 
16 mg His 
3 L, 25 mg 
His, Tyr ML22 
80 mg 13C15N Tyr, 16 mg 13C15N His, 40 
mg Ile, 40 mg Leu, 35 mg Val, 40 mg Asp, 
50 mg Phe 
3 L, 27 mg 
b. If not mentioned otherwise, amino acids added were of natural abundance isotopes. 
4.2.3 Preparation of Detergent-Depleted Cytochrome bo3 Samples for SSNMR Experiments 
The 6xhistidine-tagged cytochrome bo3 was purified from the E. coli membranes 
solubilized with 1 % DDM using Ni-NTA affinity chromatography as described in section 3.2.2. 
The purified samples contained about 0.05 – 0.1 % DDM, which was removed by dialysis with 
three changes of 4 L 25 mM Tris-HCl pH 8 solution each for 24 h. Each detergent-depleted 
sample was pelleted in an ultracentrifuge at 180,000 x g for 12–16 h and then transferred into a 
3.2 mm diameter thin wall solid-state NMR rotor with a microspatula. 
4.2.4 SSNMR Experiments 
All SSNMR experiments and subsequent data processing were carried out by Linsay J. 
Sperling, Dr. Heather L. Frericks Schmidt and Dr. Ming Tang led by Professor Chad M. Rienstra 
from the Department of Chemistry at the University of Illinois. Linsay J. Sperling and Dr. Heather 
L. Frericks Schmidt supplied the following details for SSNMR experiments. All 1D and CC 2D 
experiments were performed on a 14.1 Tesla (600 MHz 1H frequency) Varian Infinity Plus 
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spectrometer equipped with Varian T3 1H-13C-15N 3.2-mm probe. The NCC and CNC experiments 
were performed on an 11.7 Tesla (500 MHz 1H frequency) Varian Infinity Plus spectrometer and 
a 17.6 Tesla (750 MHz 1H frequency) Varian Unity Inova spectrometer equipped with Varian 
BalunTM 1H-13C-15N 3.2-mm probes. All 1D and CC 2D data sets were acquired at -20.4 ± 0.5 °C 
actual sample temperature with 100 scfh flow (determined by ethylene glycol calibration) [37]. 
The NCC and CNC experiments were acquired with the variable temperature gas maintained at -
50 °C on the 500 MHz spectrometer and -45 °C on the 750 MHz spectrometer with 100 scfh flow. 
All experiments utilized tangent ramped cross polarization [38] with SPINAL [39] 1H decoupling 
applied during acquisition and evolution periods on average at ~70 kHz. For 2D 15N-13C-13C and 
13C-15N-13C correlation experiments, band-selective SPECIFIC CP [40] was used for polarization 
transfer between 15N and 13C with TPPM [41] decoupling of the protons applied during 
acquisition and evolution periods at ~70 kHz. Hard π/2 pulse widths were typically 2.5 µs for 1H 
and 13C. The typical spinning speeds are 10~13.3 kHz. Spectra were processed with nmrPipe [42], 
employing zero filling and Lorentzian-to-Gaussian line broadening for each dimension before 
Fourier transformation. Back linear prediction and polynomial baseline correction were applied 
to the frequency domain in the direct dimension. Chemical shifts were referenced externally 
with adamantane (assuming the downfield peak to resonate at 40.48 ppm) [43]. Additional 
experimental details are listed in the figure captions. Peak picking and assignments were 
performed with Sparky [44]. 
4.3 Results and Discussion 
4.3.1 Protein Expression from Auxotroph C43(DE3) E. coli Strains 
Chapter 3 describes pulsed EPR studies performed on the semiquinone at the QH-site of 
cytochrome bo3 samples where specific sites of Arg, His or Gln have been enriched with 
15N. 
114 
 
Selective isotope labeling of Arg and His using auxotrophs is relatively straightforward since 
these amino acids are not substrates of transaminases. On the other hand, the biosynthetic 
pathways for Ile, Leu and Tyr involve transaminases which are notorious for their roles in the 
scrambling of isotope labels intended for single residue types.  These transaminases are 
encoded by ilvE, avtA, aspC and tyrB [20]. Deletion of ilvE, avtA and aspC genes result in an 
auxotroph for Ile and Val. To extend the auxotrophy to include Leu and Tyr, the tyrB locus also 
needs to be inactivated. Multiple attempts to replace the tyrB region with an antibiotic 
resistance cassette were not successful, for reasons that are not clear. However, the expression 
of tyrB can be repressed by the presence of L-tyrosine or L-phenylalanine in the growth medium 
[36].  Hence, in the presence of L-tyrosine, the auxotroph strains listed in Table 4.1 behave like 
Leu auxotrophs. They were used to selectively label pairs of amino acids for SSNMR experiments 
as summarized in Table 4.2. 
The lack of transaminase activities in the auxotroph strains increases the doubling time 
of the E. coli culture in the minimal medium. However, this has only a minor effect on the 
expression level of cytochrome bo3, and the yield of the protein can be improved by slight 
modifications of the growth protocol, such as reducing the volume of the medium for higher 
aeration and increasing the duration of induction by IPTG. The cytochrome bo3 samples purified 
from these auxotrophs have ubiquinol oxidase activities and UV-Vis absorption spectra identical 
to the unlabeled samples prepared from the parent C43(DE3) strain, indicating that the 
assembly of functional cytochrome bo3 complex was not perturbed. It was previously 
demonstrated that the procedure used in this study to remove detergent from purified 
cytochrome bo3 yields intact complex that retains native lipids, hemes and ubiquinone [39]. 
Thus, we can safely assume that the amino acid selectively labeled cytochrome bo3 samples 
prepared in this study are appropriate for structural and mechanistic investigations by SSNMR. 
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4.3.2  SSNMR Data and Discussion 
SSNMR experiments were performed on three selectively labeled cytochrome bo3 
samples: U-13C,15N-Ile, Leu-labeled bo3 (IL- bo3), U-
13C,15N-Ile, Tyr-labeled bo3 (IY-bo3), and U-
13C,15N-His, Tyr-labeled bo3 (HY-bo3). If possible, comparisons were made to the spectra 
obtained from the uniformly-13C,15N-bo3 sample (U-bo3) described in previous work [39] to 
assess the improvements in resolution and sensitivity achieved through selective labeling. The 
SSNMR methods applied in this study included 13C one-dimensional (1D) direct polarization (DP) 
and cross polarization (CP) experiments, 15N 1D experiments as well as 13C-13C 2D correlation 
experiments. In addition, heteronuclear experiments including NCACX and NCOCX have been 
performed to obtain spectra with both intra and interresidue correlations. 
13C 1D DP experiments for comparisons of signal intensities ― 13C DP experiments were 
used to compare signal intensities among all four samples: IL-bo3, IY-bo3, HY-bo3 and U-bo3. 
Through comparison of integrated intensity from each DP spectrum to the signal intensity 
obtained for the same experiment performed on a known amount of 13C material of adamantine, 
the amount of protein in each rotor was quantified. Out of a total of the 1,298 residues in bo3 
including the 6xHistidine tag at the C-terminus of subunit II, 108 Ile, 119 Leu, 38 Tyr and 51 His 
are present in the complex. Calculation of DP signal intensities per 13C label expected for each 
sample relative to known standards yielded 11.0, 9.8. 9.6 and 11.1 mg of proteins in the 3.2-mm 
thin wall magic-angle spinning rotors for U-bo3, IL-bo3, IY-bo3 and HY-bo3 respectively. The 
similarity in the amount of protein in each rotor generally indicates clean and efficient selective 
labeling for the three pair-wise labeled samples. 
 13C 1D CP experiments for comparisons of 13C-labeling patterns ― The 13C 1D CP spectra 
were collected at a sample temperature of –20.4 ˚C, just below the lipid phase transition for 
optimal CP intensity and resolution. Figure 4.2 illustrates that every signal in the spectra 
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matches with known chemical shift patterns for Ile, Leu, Tyr and His, suggesting that  clean 
selective labeling is achieved in each pair-wise labeled sample [45]. In addition, the resolution is 
considerably improved over the uniformly labeled sample even though very few individual 
resonances were resolved in the 1D spectra. The clean labeling pattern and increased resolution 
revealed by the 13C 1D CP spectra imply that resonance assignments of the intended active-site 
residues can be possibly achieved by further spectral simplification through multidimensional 
SSNMR experiments. 
 
Figure 4.2.
 
13C 1D of (A) U-bo3 (1024 scans), (B) IL-bo3 (2048 scans), (C) IY-bo3 (2048 scans), and 
(D) HY-bo3 (4096 scans) acquired on a 600 MHz spectrometer (
1H frequency) under 12.5 kHz 
magic-angle spinning. Asterisks denote spinning sidebands. 
15N 1D experiments for comparisons of 15N-labeling patterns ― Since nitrogen atoms can 
be involved in protonation and hydrogen bond formation, 15N chemical shifts are more sensitive 
to the local environment especially for the sidechains of His residues. Clean 15N labeling is 
extremely important for unambiguous assignments of intra and interresidue correlations from 
15N-13CA and 15N-13CO multidimensional experiments. The 15N 1D spectra shown in Figure 4.3 
(A) (B)
(C) (D)
117 
 
display little to no 15N scrambling for the pair-wise labeled samples. In the spectrum for the U-
bo3 sample, overall assignemtns can be made for backbone amide nitrogens to 100-135 ppm as 
well as the sidechains of His, Arg and Lys as indicated (Figure 4.3A). No sidechain 15N signal was 
visible in the 15N 1D spectrum for the IL-bo3 sample (Figure 4.3B), indicating that the sidechains 
are not labeled. Additionally, in the spectra of all the three pair-wise labeled samples, the 
backbone 15Nα signals are better resolved with the appearance of individual signals. It is 
noteworthy that the chemical shifts of backbone 15Nα of all the pair-wise labeled samples fall 
over a relatively wide ~25 ppm range even though only two types of amino acid are labeled in 
each sample, signifying the sensitivity of 15N chemical shifts to immediate surroundings. The HY-
bo3 sample is associated with the highest resolution, showing about a dozen individual 
resonances in just one-dimensional spectrum of this 144 kDa complex (Figure 4.3D). The 
linewidths of the resolved 15N signals are on the order of 0.5 ppm, suggesting that even more 
information will certainly be extracted from two-dimensional experiments. 
Unexpected signals with small intensities at ~ 70 ppm and ~ 35 ppm are present in the 
15N 1D spectra of IY-bo3 and HY-bo3 samples (Figure 4.3C&D). These unexpected signals 
corresponding to Arg and Lys sidechain resonances were evaluated to estimate the extent of 15N 
labeling at Arg and Lys sidechains. Table 4.3 lists the ratio of 15N intensity at each sidechain 
location normalized to the predicted intensity of one backbone 15Nα label. The extent of 
15N 
incorporation at each sidechain location can thus be estimated by comparison with the 
corresponding ratio from the U-bo3 sample. The similar ratios for the His Nδ/ε region for both the 
U-bo3 and HY-bo3 samples mean that the His sidechains have been almost fully enriched with 
15N 
in the HY-bo3 sample. On the other hand, the intensity ratios calculated for Arg 
15Nη and Lys 
15Nζ 
in the IY-bo3 and HY-bo3 samples are about two orders of magnitude smaller than the values 
obtained from the U-bo3 sample. Although the undesired incorporation of 
15N isotope to Arg Nη 
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and Lys Nζ is present in the IY-bo3 and HY-bo3 samples, it is estimated to be not higher than a 
few percentages. The minor scrambling of 15N in these samples is probably due to the relatively 
large amount of isotope labeled Tyr supplemented in the expression medium to repress tyrB. 
Overall, it can be concluded that the selective labeling approach using E. coli auxotrophs 
employed in this study results in clean 15N labeling with very little isotope scrambling. 
 
Figure 4.3.
 
15N 1D of (A) U-bo3 (2048 scans), (B) IL-bo3 (40960 scans), (C) IY-bo3 (49152 scans), 
and (D) HY-bo3 (106496 scans) acquired on a 600 MHz spectrometer (
1H frequency). 
13C-13C 2D correlation experiments to further analyze the 13C labeling patterns ― The 13C-
13C 2D spectra from the three pair-wise labeled samples also show the clean labeling pattern in 
these samples. Intraresidue correlations throughout each entire labeled amino acid residue 
including correlations for methyl, aliphatic, carbonyl and aromatic chemical shifts were 
observed in the 13C-13C 2D spectra. Common Ile spin systems can be seen in the aliphatic regions 
of IL-bo3 and IY-bo3 spectra (Figure 4.4A&B). Similarly, Tyr spin systems are present in the 
aromatic regions of both IY-bo3 and HY-bo3 spectra (Figure 4.4C&E). The improved resolution 
Lys Nζ
Arg Nη
Arg Nε
His Nδ/ε
Backbone Nα
(A) (B)
(C) (D)
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achieved by selective labeling has also revealed significant chemical shift dispersions of Ile and 
His residues, indicating subtle differences in sidechain conformations even in the helices-rich 
cytochrome bo3. The individual His Cα and Cβ linewidths can be determined to be approximately 
0.4 ppm (Figure 4.4D). 
Table 4.3. Ratio of signal intensity in the 15N 1D spectra of the amide region to the signal 
intensity in the 15N sidechain regions for cytochrome bo3 samples. 
 His Nδ/ε Arg Nη Lys Nζ 
U-bo3 0.48 ± 0.07 0.78 ± 0.06 0.10 ± 0.01 
IY-bo3 ----- 0.02 ± 0.16 0.001 ± 0.11 
HY-bo3 0.40 ± 0.09 0.02 ± 0.09 0.001 ± 0.06 
 
 
Figure 4.4. Expansions of the (A) aliphatic region of IL-bo3, (B) aliphatic region of of IY-bo3, (C) 
aromatic region of IY-bo3, (D) aliphatic region of HY-bo3, and (E) aromatic region of HY-bo3 
13C-
13C 2D collected on a 600 MHz spectrometer (1H frequency) with 50 ms DARR mixing. Data were 
acquired for 160, 96 and 120 hrs for the IL-, IY-, and HY-bo3 samples, respectively. Dashed lines 
highlight the spin systems of residues in common between the three samples (Ile and Tyr). 
(A) (B) (D)
(C) (E)
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Heteronuclear multi-dimensional experiments ― Attempts have also been made to 
initiate standard heteronuclear multi-dimensional backbone walk experiments. The spectra 
collected so far include N(CA)CX 2D and N(CO)CX 2D data for the IL-bo3 and IY-bo3 samples. An 
N(CA)CX 2D spectrum shows intraresidue correlations , i.e., the correlations between 15Nα and 
13C nuclei within the same labeled residue. The N(CA)CX 2D spectra of IL-bo3 and IY-bo3 both 
show clean labeling in these samples with only a few weak extraneous  peaks (Figure 4.5). The 
clean labeling in the pair-wise labeled samples means that the N(CA)CX 2D experiments can be 
used to assign amino acid type for each correlation, greatly simplifying the assignment process. 
 
Figure 4.5.
 
15N-(13CA)-13CX spectrum of (A) IL-bo3 and (B) IY-bo3 acquired on a 750 MHz 
spectrometer (1H frequency) showing intraresidue correlations. The  resonances inconsistent 
with the expected amino acid types are indicated with small circles. 
In contrast, an N(CO)CX 2D spectrum includes interresidue correlations between 15Nα of 
a labeled residue and 13C nuclei of its preceding labeled residue. In other words, the peaks are 
generated only when two consecutive residues in the polypeptide are labeled, resulting in a 
spectrum less crowded than the N(CA)CX 2D spectrum collected from the same sample. 
Comparison of the N(CO)CX 2D spectra from the U-bo3, IL-bo3 and IY-bo3 clearly demonstrates 
(A)
(B)
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dramatic simplification in the spectra of the two pair-wise labeled (Figure 4.6). Based on the 
polypeptide sequences of the bo3 subunits, 48 (11 II, 7 LL, 17 IL and 13 LI) and 19 (11 II, 1 YY, 4 IY 
and 3 YI) labeled pairs are expected to be present in the IL-bo3 and IY-bo3 samples respectively. 
The correlations from nearly every labeled pairs can be resolved in the N(CO)CX 2D spectra from 
the two pair-wise labeled samples due to the elimination of overlapping signals. The excellent 
15N dispersion of ~ 30 ppm is also great benefit to resolution enhancement, allowing all Ile, Leu 
and Tyr pairs in this 144 kDa primarily helical complex to be resolved in just two dimensional 
spectra. 
 
Figure 4.6. 15N-(13CO)-13CX 2D spectrum of (A) U-bo3 collected on a 750 MHz spectrometer (
1H 
frequency), (B) IL-bo3 collected on a 500 MHz spectrometer (
1H frequency) and (C) IY-bo3 
collected on a 750 MHz spectrometer (1H frequency) showing interresidue correlations. 
(A)
(B)
(C)
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Progress in chemical shift assignments ― With the pair-wise labeled samples used in 
this study, the process to distinguish resonances based on amino acid types is greatly simplified. 
Attempts to assign amino acid pair resonances in the N(CO)CX spectra have been initialized 
using established heteronuclear backbone walk methods [46, 47], and approximately half of the 
amino acid pairs have been identified in the N(CO)CX spectrum of the IL-bo3. The aim is to 
identify resonances of the unique ILIL quartet near the enzyme’s active site. Work to identify 
resonances from the amino acid pairs in the IY-bo3 is currently in progress. Comparison of the 
resonances from the IL-bo3,IY-bo3 and HY-bo3 can be expected to eventually lead to 
identification of the crosslinked His284 and Tyr288 residues at the catalytic site, yielding 
valuable insights into the enzyme’s mechanism. 
4.4 Conclusions 
In this study, a labeling method to obtain structural and mechanistic details on the post-
translationally modified Tyr-His crosslink at the active site of cytochrome bo3 has been 
developed. Three amino acid pair-wise selectively labeled cytochrome bo3 samples were 
prepared for SSNMR using the newly constructed E. coli C43(DE3) auxotrophs deficient in 
transaminase activities. The samples display clean labeling as well as increased resolution and 
sensitivity, relative to the uniformly-labeled samples. The strategy approached here show great 
promise to the application of SSNMR methods to identify key amino acid residues in large 
membrane proteins in general. 
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CHAPTER 5: PREPARATION OF CYTOCHROME BO3 WITH SELECTIVELY 
LABELED UBIQUINONES FOR EPR AND SOLID-STATE NMR 
STUDIES 
5.1 Introduction 
Chapter 3 and 4 describe pulsed EPR and solid-state NMR (SSNMR) studies on 
cytochrome bo3 labeled at selected amino acid types respectively. Selective labeling offers 
significant advantages in spectroscopic studies through dramatic simplification of data that can 
be interpreted more easily. For example, in chapter 4, SSNMR studies of amino-acid pair-wise 
selectively labeled samples demonstrate that chemical shift assignments of the crosslinked Tyr 
and His residues at the active site can be feasible for such a large membrane protein complex. In 
addition, pulsed EPR studies described in chapter 3 have led to the identification of the nitrogen 
that forms a strong hydrogen bond with the semiquinone at the QH-site of cytochrome bo3. In 
contrast to the previous chapters, which explain selective labeling of cytochrome bo3 based on 
amino acid types, this chapter focuses on work related to selective labeling of the ubiquinone 
cofactor at the QH-site of the enzyme. Two fundamentally different approaches were tried to 
achieve the selective labeling of the protein-bound ubiquinone. In the first approach, E. coli 
strains with disrupted ubiquinone biosynthetic pathway were used to regulate the incorporation 
of isotope labels into specific positions of the ubiquinone. More specifically, methionine 
auxotroph strains were used to successfully label the ring-methyl and two O-methyl carbon 
atoms of ubiquinone with 13C isotope. The second strategy applies the in vitro reincorporation of 
exogenous ubiquinones into the ubiquinone-depleted cytochrome bo3 to obtain samples with 
selectively labeled ubiquinones. The pulsed EPR studies on these samples with selectively 
labeled ubiquinones provide further insights into the electronic structure of the semiquinone at 
the QH-site. In addition, the structure of the ubiquinone at the QH-site can be explored by 
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SSNMR studies of the uniformly 15N labeled cytochrome bo3 with 
13C labeled ubiquinone at the 
QH-site. 
5.1.1 Selective labeling of Ubiquinone through Biosynthesis 
The ubiquinone biosynthesis in E. coli is well understood thanks to numerous studies on 
the characterization of intermediates accumulated in various ubiquinone-deficient strains [12]. 
In E. coli, the ring of ubiquinone derives from chorismate (compound 1 in Figure 5.1), which is 
also a precursor for aromatic amino acids and 4-aminobenzoate. The enzyme that commits 
chorismate (1) to the formation of ubiquinone is called chorismate lyase, which is encoded by 
ubiC and converts chorismate to 4-hydroxybenzoate (4HB) (2) [3, 4]. The next step that attaches 
the octaprenyl chain to 4HB is catalyzed by the product of ubiA [5]. Subsequent ring 
modification is accomplished in step-by-step through a series of enzymes encoded by ubiD or 
ubiX, ubiB, ubiG, ubiH, ubiE and ubiF as shown in Figure 5.1.  
This well-explored ubiquinone biosynthesis in E. coli can be manipulated by the use of 
genetically engineered E. coli mutant strains to carry out selective labeling of ubiquinone in a 
number of ways. For example, E. coli strains lacking the activity of UbiC, which is responsible for 
the conversion of chorismate into 4HB, is expected to be deficient in ubiquinone in the absence 
of 4HB in the medium. Therefore, growing ΔubiC strains in the presence of ring 13C labeled 4HB 
can generate ubiquinone selectively labeled with 13C at the corresponding ring positions. Unlike 
ΔubiC strains, ΔubiA strains are not suitable for the production of selectively labeled ubiquinone 
because it is difficult to obtain isotope labeled compounds for the intermediates with the 
octaprenyl tail attached (compound 3-9 in Figure 5.1). However, ΔubiA strains completely lack 
ubiquinone and are often used in the preparation of ubiquinone-depleted proteins [67]. Hence, 
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ΔubiA strains can be valuable in the production of cytochrome bo3 without any bound 
ubiquinone. 
 
Figure 5.1. The proposed biosynthetic pathway of ubiquinol (10) in E. coli starting from 
chorismate (1).  The intermediates in the pathway are 4-hydroxybenzoic acid (2), 3-octaprenyl-
4-hydroxybenzoic acid (3), 2-octaprenylphenol (4), 2-octaprenyl-6-hydroxy-phenol (5), 2-
octaprenyl-6-methoxy-phenol (6), 2-octaprenyl-6-methoxy-1,4-benzoquinol (7), demethoxy-
ubiquinol (8) and 2-octaprenyl-3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinol (9). 
UbiC UbiA
UbiD or UbiX
UbiB
UbiG
UbiH
UbiE
UbiF
UbiG
1 2 3
45
6 7
89
10
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Figure 5.1 illustrates that the ring-methyl group on the ubiquinone is attached by UbiE 
[8, 9], whereas UbiG is responsible for both of the O-methylation steps in the ubiquinone 
biosynthesis in E. coli [10, 11]. Both UbiE and UbiG belong to a large family of 
methyltransferases that use S-adenosylmethionine as the methyl donor [9, 12]. Therefore, it is 
possible to selectively incorporate isotope labels into the ring-methyl and two O-methyl groups 
of ubiquinone by growing a methionine auxotroph strain in the presence of methionine with the 
isotope labeled sidechain methyl groups. In fact, this approach was demonstrated to 
successfully label the three methyl groups of ubiquinone decades ago [13]. However, studies of 
ubiquinone binding sites using the ring-methyl and two O-methyl labeled ubiquinones have not 
been reported. In this study, cytochrome bo3 samples with 
13C ring-methyl and two O-methyl 
labeled ubiquinone were prepared from a methione auxotroph C43(DE3) strain and analyzed by 
pulsed EPR spectroscopy. 
5.1.2 Reincorporation of Exogenous Ubiquinones into Cytochrome bo3 
For most respiratory or photosynthetic membrane proteins that bind quinone cofactors, 
it is often possible to remove the quinone cofactors by treatment with an appropriate detergent 
or depletion of native phospholipids. The removal of a quinone cofactor from an enzyme is 
usually accompanied by severe impairment, if not a complete loss, of the enzyme’s activity, 
which can be restored in most cases by replenishing the protein with a similar quinone. This 
feature facilitates various spectroscopic studies of numerous enzymes with selectively labeled 
quinones. The examples include bacterial photosynthetic reaction centers [14-16], which 
undoubtedly represent the most characterized quinone-binding enzymes, succinate-ubiquinone 
reductase [17], ubiquinol-cytochrome c reductase [17] and glucose dehydrogenase [7]. 
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A number of studies have also been reported in the literature describing the preparation 
of cytochrome bo3 from E. coli without any ubiquinone bound and subsequent reconstitution of 
the enzyme with exogenous quinones. For example, the functional role of the ubiquinone at the 
high affinity binding site (QH) has been studied with the cytochrome bo3 without bound 
ubiquinone and the enzyme reconstituted with exogenous ubiquinones [6, 18]. The first EPR 
study on the semiquinone at the QH-site was performed on cytochrome bo3 with the externally 
added ubiquinone-1 [19]. A subsequent EPR study compared the ubisemiquinone, 
phyllosemiquinone and plastosemiquinone bound at the QH-site of the enzyme [20]. Grimaldi 
and co-workers performed the only EPR measurements on the cytochrome bo3 reconstituted 
with selectively labeled ubiquinones to obtain the 13C hyperfine couplings [21]. This chapter 
describes the procedure to prepare both wild-type and D75H mutant cytochrome bo3 samples 
reconstituted with differently labeled ubiquinones. Initial EPR and solid-state NMR studies using 
these samples are also discussed. 
5.2 Materials and Methods 
5.2.1 Materials 
Ring 13C6-4HB, and methyl 
13C methionine were ordered from Cambridge Isotope 
Laboratories (Andover, MA). Other materials were acquired as described in section 3.2.1. 
5.2.2 Preparation of Cytochrome bo3 with Ring 13C6 Labeled Ubiquinone 
ML27 or ML28 strains (Table 2.7) lacking ubiC were grown in modified M63 minimal 
medium and cytochrome bo3 was purified as described in section 3.2.2. Ring 
13C6-4HB was added 
into the growth medium to a final concentration of 1 μM. The medium for ML28 strain was also 
supplemented with 50 mg/L methionine. 
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5.2.3 Preparation of Samples with Ring-Methyl and Two O-Methyl 13C Labeled Ubiquinone 
ML36 strain (Table 2.6) was used to express the wild-type as well as D75H and D75E 
mutant cytochrome bo3 with ring-methyl and two O-methyl 
13C labeled ubiquinone using 
modified M63 minimal medium. The enzymes were purified as described in section 3.2.2. For 
wild-type and D75E samples, 15NH4Cl was used as the nitrogen source. Additional amino acid 
supplemented into the medium were 50 mg/L methyl 13C Met, 90 mg/L Tyr, 40 mg/L Ile, 40 mg/L 
Leu, 35 mg/L Val, 50 mg/L Phe, 40 mg/L Asp and 15 mg/L His.  
5.2.4 Extraction and Analysis of Ubiquinone-8 from Cytochrome bo3 
The following procedure to extract ubiquinone from cytochrome bo3 for HPLC analysis 
was based on the protocol reported by Rumbely et al. [22]. 3-10 nmol of cytochrome bo3 and an 
equimolar amount of ubiquinone-10 (Sigma) were mixed and diluted to 1 mL with water. 3 mL 
of a methanol:petroleum ether (3:2) solvent was added to the mixture which was then vortexed 
vigorously and centrifuged briefly. The upper organic layer containing the ubiquinones was 
transferred to a fresh tube and the remaining mixture was extracted with 1.5 mL petroleum 
ether for two more times. All the extracts were combined and dried under N2 gas. The 
ubiquinone extracts were dissolved in 20 μL ethanol and loaded onto a Miscrosorb-MV 100-5 
C18 reverse-phase HPLC column (Varian, Palo Alto, CA) fitted to a Waters 600 HPLC pump with a 
mobile phase of ethanol:methanol:acetonitrile (4:3:3). The ubiquinone peaks were monitored at 
278 nm by a Waters 2487 dual wavelength absorbance detector. At a flow rate of 0.8 mL/min, 
the 278 nm peaks for Q-8 and Q-10 have retention times of about 9 and 19 min respectively. 
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5.2.5 Extraction of Ubiquinone-8 from E. coli 
The following procedure to extract ubiquinone-8 from E. coli is based on previous 
reports [23, 24] and developed by Dr. Deborah Berthold from the School of Chemical Sciences at 
the University of Illinois at Urbana-Champaign. The E. coli C43(DE3) cell pellet from 0.5 L culture 
grown in modified M63 minimal medium with glucose as the sole carbon source was 
resuspended in 6.6 mL water in a 50 mL conical glass centrifuge tube. 20 mL of methanol was 
added to the cell suspension and the tube was vortexed vigorously. 13.4 mL petroleum ether 
was added to the mixture, which was vortexed again with frequent venting of air released from 
the mixing. The tube was covered in an aluminum foil and incubated at 4 °C overnight while 
being slowly shaken on an orbitron. The petroleum ether phase was separated from the heavier 
solvents by centrifuging at 2000 rpm for 10 min and transferred to another tube. About 10 mL 
petroleum ether was added to the first tube and the contents were mixed by vortexing. The 
petroleum ether phase was isolated again by centrifuging, combined with the first extract and 
dried under N2 gas. The tube was immersed in a beaker of warm water to accelerate the 
evaporation process. The remaining yellow residue was redissolved in about 200-300 μL 
petroleum ether and further purified on a TLC Silica gel 60 glass plate without indicator using a 
70:30 chloroform-petroleum ether mixture as the mobile phase. The Silica gel with the 
ubiquinone band observed at an Rf value of about 0.4-0.6 was removed from the glass plate 
with a razor blade and the ubiquinone was extracted from the gel with ethanol. The 
concentration of air-oxidized ubiquinone-8 was determined by its extinction coefficient value of 
14.9 mM-1cm-1 at 275 nm [25]. 
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5.2.6 13C NMR Measurements of Ring-Methyl and Two O-Methyl 13C Labeled Ubiquinone 
Approximately 0.5 mg of ubiquinone-8 extracted from E. coli was dissolved into ~0.7 mL 
deuterated chloroform (CDCl3) and transferred into a Wilmad 528 NMR tube. The 
13C 1D 
spectrum was collected by Dr. Vera Mainz from the NMR Laboratory (School of Chemical 
Sciences, University of Illinois at Urbana-Champaign) using a 500 MHz spectrometer (1H 
frequency) in 1H decoupling mode. 
5.2.7 Mass Spectrometry of Ring-Methyl and Two O-Methyl 13C Labeled Ubiquinone 
Approximately 100 ng each of unlabeled ubiquinone-8 as well as ring-methyl and two O-
methyl 13C labeled ubiquinone-8 extracted from E. coli was dissolved in ~ 20 µL methanol. The 
mass spectrometry was performed at the Mass Spectrometry Laboratory (School of Chemical 
Sciences, University of Illinois at Urbana-Champaign) with electrospray ionization in positive-ion 
mode using a Micromass Q-Tof Ultima mass spectrometer. 
5.2.8 Preparation of Ubiquinone-depleted Cytochrome bo3 
About 500 µL of purified cytochrome bo3 (~200-300 µM) was diluted into 200 mL 50 mM 
potassium phosphate buffer at pH 8.3 with 0.1 % w/v Triton X-100. The sample was incubated at 
4 °C with stirring for at least two hours. The sample solution was then loaded into ~ 5 mL Ni-NTA 
packed inside a glass column, washed with 50 mL of the same buffer containing 0.1 % Triton X-
100 followed by 50 mL of the same buffer with 0.05 % n-dodecyl-beta-D-maltopyranoside 
(DDM). The ubiquinone-depleted cytochrome bo3 was eluted with 50 mM potassium phosphate 
buffer at pH 8.3 containing 100 mM imidazole and 0.05 % DDM. The eluted protein was 
concentrated and the buffer was exchanged to 50 mM potassium phosphate at pH 8.3 with 
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0.05 % DDM, 5 % glycercol, 10 mM EDTA using Amicon Ultra 15 concentrators with 100,000 
MWCO. The protein samples were rapidly frozen in liquid N2 and stored at –80 °C before use. 
5.2.9 Reconstitution of Ubiquinone-depleted Cytochrome bo3 with Exogenous Ubiquinones 
About 3-5 mL of 25-100 µM of ubiquinone-depleted cytochrome bo3 prepared as 
described in section 5.2.8 was transferred to a glass vial that already contained dried residue of 
at least two stoichiometric equivalents of ubiquinone. The mixture was incubated at 4 °C with 
stirring overnight. The sample was then loaded to ~ 3-6 mL NiNTA resin packed in a glass 
chromatographic column, and the unbound ubiquinone was washed away with 15-30 mL 
potassium phosphate buffer at pH 8.3 containing 0.05 % DDM. The protein was eluted from the 
column and the buffer exchange was performed as described in section 5.2.8. 
5.2.10 SDS-PAGE Analysis of Subunit Composition in Cytochrome bo3 
About 1-5 µg of cytochrome bo3 samples were applied to 4-20 % acrylasmide NuSep 
LongLife precast gel immersed in Tris-HEPES-SDS running buffer. The electrophoresis was run at 
100 V for about 1 h and the gel was stained with Coomassie Blue for at least 2 h. 
5.2.11 Preparation of 17O Enriched Ubiquinones 
The following procedure to incorporate 17O isotope into the two carbonyl groups of 
ubiquinone-0 and ubiquinone-2 was carried out by Dr. Rimma I. Samoilova from Illinois EPR 
Center. ~ 20 mg of ubiquinone was dissolved in 0.7 mL tetrahydrofuran and 0.3 mL of 35% 17O 
enriched H2O that contained 0.036 g of trifluoroacetic acid. The mixture in a small glass tube was 
made anaerobic under a vacuum line and the tube was sealed to prevent any O2 contamination. 
After the tube was incubated at 37 °C for 15 days, the solvent was rapidly evaporated under N2 
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gas to obtain the dried ubiquinone residue enriched with 17O at either of the two carbonyl 
positions. 
5.2.12 Generation of Semiquinone Anion Radicals in Organic Solvents 
The semiquinone anion radicals were generated by either of the two approaches carried 
out by Dr. Rimma I. Samoilova from Illinois EPR Center. In the first approach, ubiquinone was 
dissolved into ~ 200 μL (3:1) isopropanol:DMSO mixture in an EPR tube to a final concentration 
1-3 mM. The reaction mixture was then rapidly frozen in liquid N2 immediately after a few 
particles of potassium superoxide (KO2) were added to the tube. The tube was attached to a 
vacuum line and the mixture was melted at room temperature for a few seconds and then 
rapidly frozen in liquid N2 again. This melting and freezing cycle was repeated a few times until 
the solution turned green to indicate the formation of semiquinone anion radicals. In the second 
approach, ubiquinone was dissolved into ~ 200 μL isopropanol in an EPR tube to a final 
concentration of 1-3 mM. A few particles of potassium tert-butoxide (KO(CH3)3) was added to 
the tube, which then underwent the same freezing and melting cycles under vacuum until the 
solution turned green. The EPR tube with the sample frozen in liquid N2 was then sealed under a 
flame. 
5.2.13 Generation of Semiquinone at the QH-site of Cytochrome bo3 
The procedure described in section 3.2.3 was followed to generate the QH-site 
semiquinone radical. 
5.2.14 EPR Experiments 
The pulsed EPR experiments were performed in collaboration with Professor Sergei A. 
Dikanov, Dr. Rimma I. Samoilova and Dr. Kuppala V. Narasimhulu from Illinois EPR Center as 
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described in section 3.2.4. The X-band CW EPR experiments were carried out on an X-band 
Varian EPR-E122 spectrometer at 60K. 
5.2.15 Preparation of Detergent-Depleted Cytochrome bo3 for SSNMR 
The procedure described in section 4.2.3 was followed to prepare detergent-depleted 
cytochrome bo3 samples for SSNMR experiments. 
5.2.16 SSNMR Experiments 
SSNMR experiments and subsequent data processing were performed by Linsay J. 
Sperling and Dr. Ming Tang led by Professor Chad M. Rienstra from the Department of 
Chemistry at the University of Illinois as described in section 4.2.4. 
5.3 Results and Discussion 
5.3.1 Selective 13C Labeling of Ring Carbon Atoms of Ubiquinone-8 
In ML27 and ML28 strains, the ubiC gene, which is responsible for the formation of 4HB 
from chorismate, has been deleted from the chromosome. However, these ΔubiC strains retain 
aerobic growth in the absence of 4HB, and the cytochrome bo3 purified from them in the 
absence of 4HB still possesses a stoichiometric amount of ubiquinone bound at the QH-site. The 
outcome suggests that the cells lacking UbiC can still make significant amount of ubiquinone. In 
fact, it was previously reported that a small but significant amount of ubiquinone was formed in 
a ΔubiC strain without the addition of 4HB in the medium probably due to the non-enzymic 
breakdown of chorismate to form 4HB [3]. The wild-type cytochrome bo3 samples prepared 
from ML27 and ML28 strains supplemented with ring-13C6-4HB were expected to have 
13C label 
in the ubiquinone ring positions [Table 5.1]. However, X-band HYSCORE spectra collected for the 
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semiquinone of these samples did not reveal any 13C cross or diagonal peaks, suggesting that the 
ring positions of ubiquinone were not enriched with 13C to a level detectable in EPR 
measurements (data not included). The leaky formation of ubiquinone in the ΔubiC strains even 
in the absence of 4HB also strongly indicates that the amount of 13C isotope incorporated into 
the ubiquinone from the supplemented 4HB was insufficient. The 13C enrichment may be 
improved by increasing the amount of 13C labeled 4HB in the medium. Since reincorporation of 
cytochrome bo3 with exogenous ubiquinones described in section 5.3.4 is likely to be less costly, 
the selective 13C labeling with ΔubiC strains was not pursued any further. 
5.3.2 Selective 13C Labeling of Ring-Methyl and O-Methyl Carbon Atoms of Ubiquinone-8 
Since the ring-methyl and two O-methyl groups of ubiquinone in E. coli originate from S-
adenosylmethionine, a methionine auxotroph can be used to selectively label these three 
methyl groups of ubiquinone [9, 12, 13]. In order to verify the 13C incorporation into the ring-
methyl and two O-methyl groups of ubiquinone, the ubiquinone extracted from a methionine 
auxotroph, ML36, grown with methyl 13C methionine was analyzed by NMR spectroscopy. The 
13C 1D spectrum shows peaks at 61.139, 61.126, 11.933 and 10.921 ppm (Figure 5.2). The two 
peaks at 61.139 ppm and 61.126 ppm and the peak at 11.933 ppm can be assigned to the two 
O-methyl and ring-methyl carbon nuclei respectively and their chemical shifts agree excellently 
with previous NMR spectroscopic results obtained with 13C labeled ubiquinone-10 [26]. The 
10.921 ppm peak most likely arises from the ring-methyl carbon of menaquinone-8 because 
UbiE catalyzes the transfer of ring-methyl group in both ubiquinone and menaquinone 
biosyntheses in E. coli [9, 27]. Menaquinone-8 was probably co-purified with ubiquinone-8 
during extraction from E. coli. The integration of the 11.933 and 10.921 ppm peaks indicates 
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that the concentration of menaquinone-8 is approximately 41 % of that of ubiquinone-8 in the 
sample. 
 The ring-methyl and two O-methyl labeled ubiquinone-8 was also analyzed by mass 
spectrometry to estimate the extent of 13C enrichment. For comparison, the mass spectrum of 
an unlabeled sample extracted from E. coli was also collected. Figure 5.3A shows the expected 
isotope distribution calculated from the molecular formula of ubiquinone-8 (C49H74O4). The mass 
spectra of the unlabeled sample and 13C labeled sample acquired in ESI positive ion mode are 
displayed in Figure 5.3B-C and Figure 5.3D-E respectively. Comparison of the protonated species 
as well as Na+ and K+ species indicates that the mass of the 13C labeled sample is 3 Da higher 
than that of the unlabeled ubiquinone-8. The monoisotopic mass of the protonated species 
from the unlabeled sample is within 1 ppm of the calculated value for 12C49
1H75
16O4, whereas the 
corresponding value from the 13C labeled sample is within 5 ppm of the mass of 12C46
13C3
1H75
16O4. 
The enlarged spectra of the K+ species in Figure 5.3C&E show the distribution pattern almost 
identical to the expected mass distribution shown in Figure 5.3A. Based on these mass 
spectrometric data and the 13C 1D NMR spectrum of the labeled sample, it can be concluded 
that 13C isotope was only incorporated into the ring-methyl and two O-methyl groups of 
ubiquinone-8, and using a methionine auxotroph leads to almost complete 13C enrichment at 
the target positions of ubiquinone-8. 
5.3.3 EPR Measurements of Ring-Methyl and Two O-Methyl 13C Labeled Ubiquinone-8 
In this study, wild-type as well as D75E and D75H mutant cytochrome bo3 samples with 
ring-methyl and two O-methyl 13C labeled ubiquinone were produced from the methionine 
auxotroph, ML36 (Table 5.1). In the wild-type and D75E mutant samples, 15NH4Cl was used as 
the nitrogen source in the expression medium to prevent interference from the strong 14N ν+ 
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quadrupole peak, which is located close to the 13C Zeeman frequency in X-band pulsed EPR 
experiments [28, 29].  
 
 
 
Figure 5.2. The 13C 1D spectrum of ring-methyl and two O-methyl 13C labeled ubiquinone-8 
acquired on a 500 MHz spectrometer (1H frequency) (A). The three signals observed in the 
overall spectrum are enlarged in (B), (C) and (D) respectively. 
(A)
(B) (C) (D)
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Figure 5.3. The expected mass distribution for unlabeled ubiquinone-8 (A), the mass spectra of 
unlabeled ubiquinone-8 (B) and ring-methyl and two O-methyl 13C labeled ubiquinone-8 (D). The 
m/z distributions of the potassium ion species for the unlabeled and 13C labeled samples are 
enlarged in (C) and (E) respectively. 
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Table 5.1. Cytochrome bo3 samples with selectively 
13C labeled ubiquinone-8 produced from E. 
coli C43(DE3) auxotrophs 
Cytochrome 
bo3 
Position of 13C label 
on ubiquinone-8 
Strain Nutrients added into the medium 
Wild type Ring 13C6 ML27 Ring-
13C6 4HB 
Wild type Ring 13C6 ML28 Ring-
13C6 4HB, Met 
Wild type 
Ring-methyl and 
two O-methyl 
ML36 
Methyl-13C Met, Ile, Leu, Val, Tyr, Phe, 
Asp, His, 15NH4Cl 
D75E 
Ring-methyl and 
two O-methyl 
ML36 
Methyl-13C Met, Ile, Leu, Val, Tyr, Phe, 
Asp, His, 15NH4Cl 
D75H 
Ring-methyl and 
two O-methyl 
ML36 
Methyl-13C Met, Ile, Leu, Val, Tyr, Phe, 
Asp, His 
The X-band HYSCORE spectra of wild-type and D75E mutant cytochrome bo3 samples 
with methyl 13C labeled ubiquinone are shown in Figure 5.4 and Figure 5.5 respectively. Two sets 
of 13C signals are present in each spectrum. For both samples, the 13C peaks with the smaller 
hyperfine couplings are enhanced in the spectra collected with a τ value of 136 ns, whereas the 
13C peaks with the larger couplings become better resolved as τ was increased to 200 ns. The 
signals with the larger splitting correspond to ~ 6.0 MHz hyperfine coupling in the wild-type 
sample and ~ 5.6 MHz hyperfine coupling in the D75E mutant, and these peaks can be assigned 
to the ring-methyl carbon. The second set of 13C peaks shows much smaller hyperfine couplings 
and are located close to the 13C Zeeman frequency of ~ 3.75 MHz. These smaller 13C hyperfine 
couplings must arise from the two O-methyl carbon nuclei of ubiquinone. In the spectrum of the 
wild-type sample collected at τ = 136 ns, the 13C peaks with smaller couplings are weakly 
resolved into 0.3 and 0.70 MHz. In the corresponding spectrum of D75E mutant, the 13C signals 
from the two O-methyl groups involve only one set of peaks with 0.6 MHz hyperfine coupling. 
Although HYSCORE experiments were performed on the D75H mutant sample, no 13C peaks 
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were observed (spectra not included). Since the D75H mutant enzyme was prepared from the 
same C43(DE3) auxotroph using the same procedure as in the wild-type and D75E mutant 
enzymes, it is expected that the ring-methyl and two O-methyl groups of the ubiquinone bound 
to the D75H mutant enzyme are also fully enriched with 13C. Previous pulsed EPR work indicated 
that the interactions between the semiquinone radical and the enzyme were found to be 
drastically modified in the D75H mutant, which also generated only ~20-25% semiquinone 
radical compared to the wild-type and D75E enzymes [28]. Although these differences in the 
D75H enzyme could possibly lower the 13C signal intensity, there is no complete explanation for 
the absence of 13C peaks in the D75H sample at this point. 
 
Figure 5.4. The contour and 3D-stacked HYSCORE spectra of the semiquinone at the QH site of 
methyl and methoxy 13C labeled wild-type cytochrome bo3. The time between the first and 
second pulses, τ, was 136 ns for (A) and (B) and 200 ns for (C) and (D). The microwave 
frequencies and magnetic fields were 9.70 GHz and 345.0 mT. 
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Figure 5.5. The contour and 3D-stacked HYSCORE spectra of the semiquinone at the QH site of 
methyl and methoxy 13C labeled D75E mutant cytochrome bo3. The time between the first and 
second pulses, τ, was 136 ns for (A) and (B) and 200 ns for (C) and (D). The microwave 
frequencies and magnetic fields were 9.70 GHz and 345.0 mT. 
Additionally, the ring-methyl and two O-methyl 13C labeled ubiquinone-8 extracted from 
E. coli was used to generate semiquinone anion radical in isopropanol. The HYSCORE spectra 
collected for this 13C labeled semiquinone anion radical in isopropanol are shown in Figure 5.6. 
Although strong 13C signals are present, the peaks from the ring-methyl group and two O-methyl 
groups cannot be distinguished from one another due to the overlapping signals. The pulsed 
ENDOR spectrum of the sample collected with Mims sequence was able to resolve two sets of 
signals centered approximately at the 13C Zeeman frequency (Figure 5.7). The observed 13C 
hyperfine couplings for the semiquinone anion radical in isopropanol are estimated to be ~ 1.90 
and 3.65 MHz and can be assigned to the O-methyl groups and ring-methyl group respectively. 
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Figure 5.6. The contour HYSCORE spectra of the semiquinone anion in isopropanol. The time 
between the first and second pulses, τ, was 136 ns for (A) and 200 ns for (B). The microwave 
frequencies and magnetic fields were 9.70 GHz and 345.3 mT. 
 
Figure 5.7. The X-band pulsed ENDOR spectrum of the ring-methyl and two O-methyl 13C labeled 
semiquinone radical in isopropanol (upper black trace) and wild-type bo3 (lower blue trace) 
acquired with Mims sequence (π/2-τ- π/2-t- π/2- τ) at 60K. A radio frequency π pulse was 
applied during the interval t. Each π/2 microwave frequency pulse length was 48 ns. The 
spectrum shown is the sum of seven spectra collected from τ = 200 ns to 368 ns. The position of 
13C Zeeman frequency is indicated as a red line. 
 
(A) (B)
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The 13C hyperfine couplings of the ring-methyl and two O-methyl 13C labeled 
semiquinone in the wild-type and D75E mutant cytochrome bo3 as well as isopropanol are 
summarized in Table 5.2. For the wild-type enzyme, both the HYSCORE spectra (Figure 5.4) and 
pulsed ENDOR spectrum (Figure 5.7) demonstrate two sets of 13C peaks with the larger 
hyperfine coupling assigned to the ring-methyl carbon and the smaller couplings to the O-
methyl groups. The 13C couplings from the wild-type and D75E mutant cytochrome bo3 are 
similar to each other in agreement with the previous pulsed EPR study showing similar hyperfine 
couplings for the ring-methyl protons [28]. On the other hand, the semiquinone anion radical in 
isopropanol has a significantly smaller 13C coupling from the ring-methyl group. These EPR 
measurements on the ring-methyl carbon can reveal the pattern of the unpaired electron spin 
density distribution on the semiquinone ring because the hyperfine coupling from the ring-
methyl carbon nucleus is directly related to the unpaired spin density at the adjacent ring 
carbon or C5. (Please refer to Figure 3.1 for the ubiquinone ring numbering.) Thus, it can be 
deduced that a larger fraction of unpaired electron spin density is located at the C5 carbon of 
the semiquinone bound to cytochrome bo3 compared to the radical in isopropanol. Based on the 
valence bond model, it can be interpreted that the semiquinone is bound at the QH-site in a 
highly asymmetric manner with considerably stronger hydrogen bonds between 1-carbonly 
group and the QH-site residues compared to the hydrogen bonds at the 4-carbonyl group [30, 
31]. Again, these findings are consistent with previous studies suggesting highly asymmetric 
binding of semiquinone at the QH-site of cytochrome bo3 [21, 32, 33]. It is noteworthy that the 
hydrogen bond pattern interpreted for the semiquinone at the QH-site of cytochrome bo3 is 
markedly in contrast to the well-characterized QA-site of bacterial reaction centers where the 4-
carbonyl group of semiquinone is associated with a much stronger hydrogen bond with the 
protein matrix [30]. 
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Table 5.2. The 13C hyperfine couplings (MHz) of the ring-methyl and two O-methyl groups of 
Ubiquinone-8 
Sample Ring-methyl Two O-methyl 
QH-site in WT bo3 6.00 0.3, 0.7-1 
QH-site in D75E bo3 5.60 0.60 
Q˙ˉ in isopropanol 3.65 1.90 
The experiments performed in this study to analyze the 13C hyperfine couplings of the O-
methyl or methoxy groups of semiquinone represent the first EPR study to probe the role of 
methoxy groups in semiquinone radicals. In contrast to the ring-methyl group, the two O-methyl 
groups are two covalent bonds away from the semiquinone ring, and therefore, the methoxy 
torsional angles can influence the transfer of unpaired spin density to these O-methyl groups 
and modify the unpaired spin distribution on the ring. When a methoxy group has in-plane 
conformation, the ring π orbital can extend to the oxygen lone pairs, resulting in a lower redox 
potential of the ubiquinone [34]. The importance of the conformations of the methoxy groups is 
also supported by the quantum-chemical calculations of the hyperfine couplings performed by 
Dr. Alexander Shubin (Table 5.3). Since the quinone binding sites found in respiratory and 
photosynthetic complexes only have a weakly defined motif [35], each protein must finetune 
the property of the bound quinone by providing a unique environment in order to accomplish its 
own electron transfer process [36]. The ability of the methoxy groups of ubiquinone to adjust its 
electronic structure means that the interactions between the protein and the ubiquinone 
methoxy groups can be significant in defining the role of the cofactor. An example can be found 
in a recent report on the FTIR study of reaction centers from R. sphaeroides, where the 
hydrogen bonds between the surrounding polypeptide and the methoxy oxygens of the 
ubiquinone at the QB site were suggested to create the redox potential difference between the 
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ubiquinones bound at the QA and QB sites [37]. The 
13C hyperfine couplings of the methoxy 
groups of the semiquinone at the QH site measured in this study is significantly different from 
the corresponding value of the radical in isopropanol. Thus, it can be concluded that the QH-site 
of cytochrome bo3 also possesses critical interactions with the methoxy groups of the bound 
ubiquinone, resulting in modification of the electronic structure of the QH site semiquinone 
radical. 
Table 5.3. 13C isotropic hyperfine couplings and anisotropic tensors of the two O-methyl groups 
for different conformations of 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone radical anion 
computed by Dr. Alexander A. Shubin (Boreskov Institute of Catalysis, Russian Academy of 
Sciences, Novosibirsk) 
Dihedral angle (degrees) 13C isotropic coupling and anisotropic tensor (MHz) 
(1) (2) (1) (2) 
62 -62 
1.2 1.2 
2.0, 1.2, 0.6 1.9, 1.1, 0.6 
104 -43 
6.4 0.8 
7.4, 5.9, 5.9 1.4, 0.6, 0.2 
133 64 
5.2 0.7 
6.2, 4.7, 4.6 1.3, 0.7, 0.1 
64 64 
1.6 1.6 
2.3, 1.5, 0.9 2.4, 1.6, 1.0 
116 108 
8.9 8.5 
9.9, 8.4, 8.3 9.5, 8.0, 8.0 
64 -42 
1.2 0.8 
1.9, 1.2, 0.6 1.5, 0.7, 0.2 
0 0 
-0.9 -0.9 
-0.4, -1.1, -1.2 -0.4, -1.1, -1.2 
0 180 
-0.7 -1.0 
-0.2, -0.9, -1.1 -0.6, -1.1, -1.3 
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5.3.4 Reconstitution of Cytochrome bo3 with Exogenous Ubiquinones 
A commonly used approach to prepare enzyme samples with isotope labeled quinones 
is simply to reconstitute quinone-depleted enzymes or apoenzymes with exogenous quinones 
that have been enriched with 13C either biosynthetically or chemically. In order to obtain 
cytochrome bo3 with bound labeled ubiquinone through reconstitution, the following three 
steps must be accomplished. First, cytochrome bo3 lacking the bound ubiquinone cofactor at the 
high affinity QH-site must be produced. Second, isotope labeled ubiquinone samples must be 
obtained. Third, the exogenous ubiquinone must be successfully reincorporated into the 
ubiquinone-depleted cytochrome bo3.  
Cytochrome bo3 without the bound ubiquinone at the QH-site can be produced either 
from ΔubiA E. coli strains [6], which completely lack the ability to synthesize ubiquinone-8, or by 
treating the enzyme with appropriate detergents such as Triton X-100 [18]. Although C43(DE3) 
ΔubiA strains were constructed in this study, these strains were determined to be unsuitable for 
protein expression due to extremely poor growth. Therefore, cytochrome bo3 samples lacking 
the bound ubiquinone were prepared by exchanging the detergent to Triton X-100 as described 
in section 5.2.8. For the second step, the uniformly 13C labeled and unlabeled ubiquinone-8 
samples were extracted from E. coli C43(DE3) cells grown with 13C6 glucose and unlabeled 
glucose respectively as described in section 5.2.5. Additionally, ubiquinone-2 was chemically 
enriched with 17O at the carbonyl positions according to the procedure described in section 
5.2.11. Finally, the ubiquinone-depleted cytochrome bo3 was reconstituted with exogenous 
ubiquinones as described in section 5.2.9. 
The HPLC traces of the ubiquinone-8 extracted from cytochrome bo3 samples and the 
ubiquinone-10 added as an internal standard are displayed in Figure 5.8. Comparison of the 
ubiquinone peaks indicates that the ubiquinone-8 bound at the QH-site of the wild-type enzyme 
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was almost entirely removed by treatment with Triton X-100 (WT bo3–Q) and an equimolar 
amount of exogenous ubiquinone-8 was incorporated into the wild-type enzyme (WT bo3+Q) 
(Table 5.4). As for the D75H mutant cytochrome bo3, both the removal of the QH-site bound 
ubiquinone-8 and reincorporation of exogenous ubiquinone-8 did not complete to the same 
extent in the wild-type sample. Since approximately one-fourth of the bound ubiquinone was 
not removed by Triton X-100 and only three-fourths of the D75H enzyme had bound ubiquinone 
after reconstitution, only about 50 % of the D75H mutant cytochrome bo3 was reincorporated 
with exogenous ubiquinone-8 using this approach. The enrichment level was later improved to 
about 70 % by increasing the volume of Triton X-100 incubation buffer to enhance the removal 
of the bound ubiquinone-8. 
A concern associated with the reconstitution of cytochrome bo3 with exogenous 
ubiquinones is whether the ubiquinones have been incorporated to the high affinity QH-site or a 
different unknown location. Therefore, pulsed EPR experiments were performed on the enzyme 
samples reconstituted with exogenous ubiquinone-8 to analyze the environment of the 
semiquinone in the enzyme. The HYSCORE spectra obtained were identical to those previously 
collected from unmanipulated cytochrome bo3 samples (spectra not shown). These findings 
indicate that the exogenous ubiquinones can be successfully reincorporated into the QH-site of 
cytochrome bo3. Another possible concern regarding the use of Triton X-100 in removing the 
bound ubiquinone-8 arises from the ability of Triton X-100 to remove subunit III and IV of 
cytochrome aa3 from Paracoccus denitrificans and Rhodobacter sphaeroides [38-41]. Since 
cytochrome bo3 belongs to the same family as those cytochrome aa3 enzymes, it is possible that 
Triton X-100 can also remove subunit III and IV from cytochrome bo3. SDS-PAGE analysis of the 
subunit composition of wild-type cytochrome bo3 samples indicates that at least subunit I, II and 
III remained present after treatment with Triton X-100 to remove the bound ubiquinone-8 
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(Figure 5.9). Overall, it can be concluded that cytochrome bo3 can be successfully reconstituted 
with exogenous ubiquinones using the procedure explained in this study. 
 
Figure 5.8. HPLC elution profiles of ubiquinone-8 extracted from various wild-type (WT) and 
D75H mutant cytochrome bo3 samples. – Q indicates samples treated with triton X-100. + Q 
represents samples reincorporated with exogenous ubiquinone-8. 
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Table 5.4. The amount of ubiquinone-8 bound to different cytochrome bo3 samples determined 
by HPLC 
Sample Q8 per enzyme 
WT bo3 0.92 
WT bo3–Q 0.03 
WT bo3+Q 0.88 
D75H bo3–Q 0.27 
D75H bo3+Q 0.74 
 
Figure 5.9. SDS-PAGE analysis of the subunit composition of the wild-type cytochrome bo3 (wt), 
ubiquinone-depleted samples (–Q) and samples reincorporated with exogenous ubiquinone-8 
(+Q). The 4-20 % acrylamide gel was stained with Coomassie Blue afterwards for visualization. 
The molecular weights of the bands in the protein ladder applied to lane 5 are indicated next to 
the bands in kDa. Lane 3, 4, 6 and 7 had three times more samples than lane 1 and 2 
respectively. Samples in lane 6 and 7 were heated at 70 °C for 15 min before being applied to 
the gel. Lane 8, 9 and 10 represent samples from different preparations. The expected sizes for 
the four subunits in cytochrome bo3 are indicated on the right. Subunit IV is probably too small 
to be observed in the gel. 
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5.3.5 EPR Studies on Cytochrome bo3 with Reconstituted Ubiquinones 
In this preliminary study, EPR measurements were performed on six cytochrome bo3 
samples reincorporated with exogenous ubiquinones (Table 5.5). The X-band CW EPR spectra of 
the semiquinone generated in the wild-type and D75H mutant cytochrome bo3 reconstituted 
with 13C ubiquinone-8 were shown in Figure 5.10A, and the spectra for the uniformly 13C labeled 
enzymes reincorporated with unlabeled ubiquinone-8 were included in Figure 5.10B. All the four 
samples were uniformly labeled with 15N to avoid the interference from strong 14N quadrupole 
peaks in pulsed EPR experiments.  
Table 5.5. Cytochrome bo3 reconstituted with exogenous ubiquinones 
Sample 
Cytochrome 
bo3 
Isotope labels on 
cytochrome bo3 
Isotope labels on 
Ubiquinone 
15N WT + 13C Q8  Wild-type Uniform 
15N Uniform 13C Q8 
15N D75H + 13C Q8 D75H Uniform 
15N Uniform 13C Q8 
13C 15N WT + 12C Q8 Wild-type Uniform 
13C 15N Unlabeled Q8 
13C 15N D75H + 12C Q8 D75H Uniform 
13C 15N Unlabeled Q8 
WT + 17O Q0 Wild-type Unlabeled  
17O Q0 
WT + 17O Q2 Wild-type Unlabeled 
17O Q2 
Both wild-type and D75H mutant enzymes reincorporated with 13C ubiquinone-8 
demonstrate broadened semiquinone signals due to large hyperfine couplings from 
ubiquinone’s ring 13C nuclei. Unlike the ring-methyl carbon nucleus, which is associated with 
hyperfine couplings in the range of 3–8 MHz and can be analyzed in X-band pulsed EPR and 
ENDOR measurements, the carbon nuclei of the carbonyl groups typically have hyperfine 
coupling values of 20–35 MHz and can only be resolved in EPR measurements with Q-band (35 
GHz) or higher frequencies [30]. The other four ring carbon nuclei of semiquinone normally 
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possess 13C hyperfine couplings ~7-20 MHz [42] and can potentially be measured with X-band 
HYSCORE experiments. It should be noted that the experiments to determine the hyperfine 
couplings of the ring carbon nuclei are often performed with ubiquinones labeled at only one 
ring carbon nucleus to simplify the interpretation. For example, a previous study of cytochrome 
bo3 reincorporated with either 
13C1 or 
13C4 labeled ubiquinone-2 was able to determine the AZZ 
components of the hyperfine tensors as 30.8 MHz for 13C1 and 20.2 MHz for 
13C4 from W-band 
(95 GHz) EPR measurements [21].  Thus, ubiquinones specifically labeled with 13C label at each 
single ring position would ultimately provide the unpaired spin density at each position to 
accurately determine the electronic structure of the semiquinone. 
 
Figure 5.10. The X-band EPR spectra of the QH-site semiquinone in the WT (A) and D75H mutant 
(B) cytochrome bo3 at 60K. The spectra shown were averages of 5 scans. The microwave 
frequencies applied were 9.04-9.05 GHz and the power was 0.02 mW for the two WT samples 
and 0.2 mW for the two D75H samples. The modulation was 5G for 13C 15N D75H bo3 + 
12C Q8 
and 2 G for the other three spectra. 
In contrast to the samples with 13C labeled ubiquinones, the X-band CW EPR spectra of 
the semiquinone at the QH-site of the 
13C labeled enzymes with unlabeled ubiquinone-8 were 
comparable to those previously acquired with unlabeled samples with endogenous ubiquinones, 
indicating that the carbon nuclei from the protein matrix do not possess significant hyperfine 
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couplings (Figure 5.10). Since pulsed EPR experiments are suitable for analyses of small 
hyperfine couplings, HYSCORE spectra were collected for these 13C labeled enzymes 
reconstituted with unlabeled ubiquinone-8. The 2D HYSCORE spectra of both the uniformly 13C 
labeled wild-type and D75H mutant cytochrome bo3 with unlabeled ubiquinone-8 display a 
strong signal at the 13C Zeeman frequency of ~ 3.75 MHz, and no cross peaks with significant 
hyperfine couplings (Figure 5.11). Since ubiquinones are not labeled in these samples, the strong 
13C signals at 3.75 MHz must be due to strong dipolar interactions between the semiquinone 
radical and the 13C nuclei from the surrounding residues. The absence of any cross peaks with 
significant splitting means that little unpaired spin density has been transferred to the protein’s 
carbon nuclei. 
In this study, wild-type cytochrome bo3 samples reincorporated with 
17O enriched 
ubiquinone-0 and ubiquinone-2 were also analyzed by X-band CW EPR spectroscopy (Table 5.5). 
17O nucleus has spin I = 5/2 and is split into six energy levels in a magnetic field. The hyperfine 
couplings of the carbonyl 17O nuclei of semiquinones measured in EPR spectroscopy generally 
reflect the component of the hyperfine tensor parallel to the oxygen π orbital and typically have 
a value ~ 80 MHz and higher. The hyperfine couplings of such magnitude can usually be resolved 
in X-band EPR experiments. The measurements of hyperfine couplings from the two carbonyl 
17O nuclei of semiquinones are useful to determine the fractions of unpaired electron spin 
density located at these oxygen nuclei as well as the hydrogen bond distances between these 
oxygen nuclei and interacting residues or solvent molecules.  
Previously, 17O hyperfine couplings were reported for the semiquinone radicals in 
organic solvents [43] as well as QA and QB sites of bacterial reaction centers [30]. In this study, 
cytochrome bo3 reconstituted with 
17O enriched ubiquinone-0 did not produce semiquinone EPR 
signal. It is most likely that the affinity of the QH-site for ubiquinone-0, which lacks the isoprenyl 
156 
 
 
Figure 5.11. The contour and 3D-stacked HYSCORE spectra of the semiquinone at the QH site of 
the uniformly 13C, 15N labeled wild type (A, B) and D75H mutant (C, D) cytochrome bo3 
reincorporated with unlabeled ubiquinone-8. The time between the first and second pulses, τ, 
was 136 ns. The microwave frequencies and magnetic fields were 9.70 GHz and 345.3 mT 
respectively. 
tail, is too low for sufficient reincorporation of cytochrome bo3 with ubiquinone-0. However, 
cytochrome bo3 with 
17O enriched ubiquinone-2 produces semiquinone X-band EPR signal, 
which can be compared to the spectrum of the semiquinone anion radical generated from the 
17O enriched ubiquinone-2 in isopropanol (Figure 5.12). The spectrum of the radical generated in 
isopropanol clearly demonstrates four out of six expected 17O satellite peaks. Two peaks in the 
middle (–½ and +½) are not resolved due to the overwhelming signal from the unlabeled 
population. It should be noted that only those populations with only one carbonyl oxygen 
labeled produce the four visible 17O peaks because a total of thirty-six 17O peaks expected from 
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the doubly labeled semiquinone will have much lower signal intensities. The two carbonyl 
groups of the semiquinone radical in isopropanol is expected to have similar interactions with 
the solvent molecules and therefore, similar 17O hyperfine couplings. This expectation is in 
agreement with the presence of only one set of 17O peaks in the spectrum, from which the 17O 
hyperfine coupling of the semiquinone-2 in isopropanol can be estimated to be ~ 89 MHz. The 
17O satellite peaks are barely visible for the semiquinone in the QH-site of wild-type cytochrome 
bo3. Although the amplification of the spectrum (the green trace in Figure 5.12) indicates the 
patterns similar to 17O peaks, the signal-to-noise ratio is too low to reliably determine the 17O 
hyperfine couplings. Since the semiquinone at the QH-site is expected to have a highly 
asymmetric hydrogen bonding pattern, the difference between the 17O hyperfine couplings of 
the two carbonyl oxygen nuclei is possibly large enough to be resolved in the X-band 
experiments similar to the QA site of reaction centers [30]. Additional samples with higher 
17O 
enrichment will be very useful to obtain spectra with higher signal-to-noise ratios and examine 
the 17O hyperfine couplings of the QH-site semiquinone. 
5.3.6 SSNMR Studies on Cytochrome bo3 with Reconstituted Ubiquinones 
The high reincorporation levels of exogenous ubiquinones into the QH-site of 
cytochrome bo3 offer an extraordinary opportunity to probe the ubiquinone binding site by 
SSNMR spectroscopy. Hence, the uniformly 15N labeled wild-type and D75H mutant cytochrome 
bo3 samples reincorporated with uniformly 
13C labeled ubiquinone-8 were prepared for SSNMR 
experiments. The 13C 2D spectrum of the wild-type sample shows the peaks most likely from the 
octaprenyl tail of the 13C labeled ubiquinone-8 (Figure 5.13). Unfortunately, these tentative 
ubiquinone 13C signals are mostly overshadowed by much stronger peaks from phospholipids. 
Since the protein sample was not labeled, the 13C labeled phospholipids must have been co- 
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Figure 5.12. X-band EPR spectra of 17O labeled semiubiquinone-2 reconstituted into cytochrome 
bo3 (blue) and in isopropanol (red). The 15x magnified spectrum of the sample in cytochrome 
bo3 is shown in green. The microwave frequencies, power and modulation used were 9.04-9.05 
GHz, 0.02 mW and 5G respectively. The spectrum for the semiquinone-2 in cytochrome bo3 was 
an average of 160 scans whereas that in isopropanol is an average of 40 scans. 
extracted with the labeled ubiquinone-8 from E. coli cells. The SSNMR cytochrome bo3 samples 
prepared in this study is expected to be associated with approximately 49 phospholipids per 
enzyme complex based on the previous report describing the SSNMR sample preparations [44]. 
Therefore, cytochrome bo3 likely became reconstituted with not only the 
13C labeled 
ubiquinone-8, but also multiple stoichiometric amounts of 13C labeled phospholipids during 
incubation with the labeled ubiquinone-8. It is evident that significant quantity of phospholipids 
was co-purified with ubiquinone-8 during the extraction from E. coli. Efforts to separate the 
extracted ubiquinone-8 from phospholipids are currently under progress, and the resulting 13C 
labeled ubiquinone-8 uncontaminated with lipids will be used in the same manner described 
here to study the QH-site of cytochrome bo3 with SSNMR spectroscopy. Once the chemical shifts 
of the ubiquinone at the QH-site are assigned, the 
13C 15N heteronuclear experiments have the 
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potential to determine the distances between the 13C nuclei of ubiquinone and nearby 15N nuclei 
from the QH-site. 
 
Figure 5.13. The 13C 2D correlation spectrum of the uniformly 15N labeled wild-type cytochrome 
bo3 reincorporated with uniformly 
13C labeled ubiquinone-8. The spectrum was acquired for 7 
days on a 600 MHz Infinity Plus spectrometer at -28.8 °C at magic-angle spinning rate of 12.5 
kHz. The spectrum in (B) shows the enlarged version of the part indicated in a red rectangle in 
(A). The peaks circled in (B) are most likely from ubiquinone-8. 
5.4 Conclusions 
This chapter describes multiple approaches employed in this study to selectively label 
the ubiquinone cofactor bound at the QH-site of cytochrome bo3. Samples with ring-methyl and 
two O-methyl 13C labeled ubiquinones were prepared from a methionine E. coli auxotroph and 
the labeled semiquinones were analyzed with EPR spectroscopic techniques. In addition, 
cytochrome bo3 was successfully reincorporated with exogenous ubiquinones at its QH-site. 
Subsequent EPR studies on the enzymes reconstituted with unlabeled, 13C labeled or 17O 
enriched ubiquinones suggest that the current approach will be extremely useful in 
(A)
(B)
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determination of unpaired electron spin density distribution on the ring of the semiquinone at 
the QH-site. Furthermore, the 
13C-ubiquinone reconstituted cytochrome bo3 samples described 
in this study present great potential to unravel structural and mechanistic details of the QH-site 
through SSNMR spectroscopy. 
5.5 References 
1. Gibson, F. & Young, I. G. Isolation and characterization of intermediates in ubiquinone 
biosynthesis. Methods Enzymol. 53, 600-609 (1978). 
 
2. Clarke, C. F. New advances in coenzyme Q biosynthesis. Protoplasma 213, 134-147 (2000). 
 
3. Lawrence, J., Cox, G. B. & Gibson, F. Biosynthesis of ubiquinone in Escherichia coli K-12: 
biochemical and genetic characterization of a mutant unable to convert chorismate into 4-
hydroxybenzoate. J. Bacteriol. 118, 41-45 (1974). 
 
4. Nichols, B. P. & Green, J. M. Cloning and sequencing of Escherichia coli ubiC and purification 
of chorismate lyase. J. Bacteriol. 174, 5309-5316 (1992). 
 
5. Young, I. G., Leppik, R. A., Hamilton, J. A. & Gibson, F. Biochemical and genetic studies on 
ubiquinone biosynthesis in Escherichia coli K-12: 4-hydroxybenzoate octaprenyltransferase. J. 
Bacteriol. 110, 18-25 (1972). 
 
6. Sato-Watanabe, M., Mogi, T., Ogura, T., Kitagawa, T., Miyoshi, H., Iwamura, H. & Anraku, Y. 
Identification of a novel quinone-binding site in the cytochrome bo complex from 
Escherichia coli. J. Biol. Chem. 269, 28908-28912 (1994). 
 
7. Mustafa, G., Migita, C. T., Ishikawa, Y., Kobayashi, K., Tagawa, S. & Yamada, M. 
Menaquinone as well as ubiquinone as a bound quinine crucial for catalytic activity and 
intramolecular electron transfer in Escherichia coli membrane-bound glucose 
dehydrogenase. J. Biol. Chem. 283, 28169-28175 (2008). 
 
8. Young, I. G., McCann, L. M., Stroobant, P. & Gibson, F. Characterization and genetic analysis 
of mutant strains of Escherichia coli K-12 accumulating the ubiquinone precursors 2-
octaprenyl-6-methoxy-1,4-benzoquinone and 2-octaprenyl-3-methyl-6-methoxy-1,4-
benzoquinone. J. Bacteriol. 105, 769-778 (1971). 
 
9. Lee, P. T., Hsu, A. Y., Ha, H. T. & Clarke, C. F. A C-methyltransferase involved in both 
ubiquinone and menaquinone biosynthesis: isolation and identification of the Escherichia 
coli ubiE gene. J. Bacteriol. 179, 1748-1754 (1997). 
 
161 
 
10. Stroobant, P., Young, T. G. & Gibson, F. Mutants of Escherichia coli K-12 blocked in the final 
reaction of ubiquinone biosynthesis: characterization and genetic analysis. J. Bacteriol. 109, 
134-139 (1972). 
 
11. Hsu, A. Y., Poon, W. W., Shepherd, J. A., Myles, D. C. & Clarke, C. F. Complementation of 
coq3 mutant yeast by mitochondrial targeting of the Escherichia coli UbiG polypeptide: 
evidence that UbiG catalyzes both O-methylation steps in ubiquinone biosynthesis. 
Biochemistry 35, 9797-9806 (1996). 
 
12. Kagan, R. M. & Clarke, S. Widespread occurrence of three sequence motifs in diverse S-
adenosylmethionine-dependent methyltransferases suggests a common structure for these 
enzymes. Arch. Biochem. Biophys. 310, 417-427 (1994). 
 
13. Jackman, L. M., O’Brien, I. G., Cox, G. B. & Gibson, F. Methionine as the source of methyl  
groups for ubiquinone and vitamin K: a study using nuclear magnetic resonance and mass 
spectrometry. Biochim. Biophys. Acta 141, 1-7 (1967). 
 
14. Okamura, M. Y., Isaacson, R. A. & Feher, G. Primary acceptor in bacterial photosynthesis: 
obligatory role of ubiquinone in photoactive reaction centers of Rhodopseudomonas 
spheroides. Proc. Natl. Acad. Sci. USA 72, 3491-3495 (1975). 
 
15. Isaacson, R. A., Lendzian, F., Abresch, E. C., Lubitz, W. & Feher, G. Electronic structure of Q-A 
in reaction centers from Rhodobacter sphaeroides. I. Electron paramagnetic resonance in 
single crystals. Biophys. J. 69, 311-322 (1995). 
 
16. van den Brink, J. S., Spoyalov, A. P., Gast, P., van Liemt, W. B. S., Raap, J., Lugtenburg, J. & 
Hoff, A. J. Asymmetric binding of the primary acceptor quinine in reaction centers of the 
photosynthetic bacterium Rhodobacter sphaeroides R26, probed with Q-band (35 GHz) EPR 
spectroscopy. FEBS Lett. 353, 273-276 (1994). 
 
17. Gu, L. Q., Yu, L. & Yu, C. A. Effect of substituents of the benzoquinone ring on electron-
transfer activities of ubiquinone derivatives. Biochim. Biophys. Acta 1015, 482-492 (1990). 
 
18. Puustinen, A. Verkhovsky, M. I., Morgan, J. E., Belevich, N. P. & Wikström, M. Reaction of 
the Escherichia coli quinol oxidase cytochrome bo3 with dioxygen: the role of a bound 
ubiquinone molecule. Proc. Natl. Acad. Sci. USA 93, 1545-1548 (1996). 
 
19. Ingledew, W. J. Ohnishi, T. & Salerno, J. C. Studies on a stabilization of ubisemiquinone by 
Escherichia coli quinol oxidase, cytochrome bo. Eur. J. Biochem. 227, 903–908 (1995). 
 
20. Hastings, S. F., Heathcote, P., Ingledew, W. J. & Rigby, S. E. J. ENDOR spectroscopic studies of 
stable semiquinone radicals bound to the Escherichia coli cytochrome bo3 quinol oxidase. 
Eur. J. Biochem. 267, 5638-5645 (2000). 
 
21. Grimaldi, S., Ostermann, T., Weiden, N., Mogi, T., Miyoshi, H., Ludwig, B., Michel, H., Prisner, 
T. F. & MacMillan, F. Asymmetric binding of the high-affinity QH˙¯ ubisemiquinone in quinol 
oxidase (bo3) from Escherichia coli studied by multifrequency electron paramagnetic 
resonance spectroscopy. Biochemistry 42, 5632-5639 (2003). 
162 
 
 
22. Rumbley, J. N., Nickels, E. F. & Gennis, R. B. One-step purification of histidine-tagged 
cytochrome bo3 from Escherichia coli and demonstration that associated quinone is not 
required for the structural integrity of the oxidase. Biochim. Biophys. Acta 1340, 131-142 
(1997). 
 
23. Krivánková, L. & Dadák, V. Semimicro extraction of ubiquinone and menaquinone from 
bacteria. Methods. Enzymol. 67, 111-114 (1980). 
 
24. Zeng, H., Snavely, I., Zamorano, P. & Javor, G. T. Low ubiquinone content in Escherichia coli 
causes thiol hypersensitivity. J. Bacteriol. 180, 3681-3685 (1998). 
 
25. Crane, F. L. & Barr, R. Determination of ubiquinones. Methods Enzymol. 18C, 137-165 (1971). 
 
26. van Liemt, W. B. S., Steggerda, W. F., Esmeijer, R. & Lugtenburg, J. Synthesis and 
spectroscopic characterization of 13C-labelled ubiquinone-0 and ubiquinone-10. Recl. Trav. 
Chim. Pays-Bas 113, 153-161 (1994). 
 
27. Wissenbach, U., Ternes, D. & Unden, G. An Escherichia coli mutant containing only 
demethylmenaquinone, but no menaquinone: effects on fumarate, dimethylsulfoxide, 
trimethylamine N-oxide and nitrate respiration. Arch. Microbiol. 158, 68-73 (1992). 
 
28. Yap, L.L., Samoilova, R.I., Gennis, R.B. & Dikanov, S.A. Characterization of mutants that 
change the hydrogen bonding of the semiquinone radical at the QH site of the cytochrome 
bo3 from Escherichia coli. J. Biol. Chem. 282, 8777-8785 (2007). 
 
29. Lin, M. T., Samoilova, R. I., Gennis, R. B., Dikanov, S. A. Identification of the nitrogen donor 
hydrogen bonded with the semiquinone at the QH site of the cytochrome bo from 
Escherichia coli. J. Am. Chem. Soc. 130, 15768-15769 (2008). 
 
30. Lubitz, W. & Feher, G. Characterization of the quinone radicals QA–˙ and QB–˙ by EPR and 
ENDOR. Appl. Magn. Reson. 17, 1-49 (1999). 
 
31. Kropacheva, T. N., van Liemt, W. B. S., Raap, J., Lugtenburg, J. & Hoff, A. J. Hydrogen-
bonding effect on 13C and proton hyperfine couplings of [4-13C]-labeled ubisemiquinones in 
vitro. J. Phys. Chem. 100, 10433-10442 (1996). 
 
32. Kacprzak, S., Kaupp, M. & MacMillan, F. Protein-cofactor interactions and EPR parameters 
for the QH quinine binding site of quinol oxidase. A density functional study. J. Am. Chem. 
Soc. 128, 5659-5671 (2006). 
 
33. Yap, L. L., Samoilova, R. I., Gennis, R. B. & Dikanov, S. A. Characterization of the 
exchangeable protons in the immediate vicinity of the semiquinone radical at the QH site of 
the cytochrome bo3 from Escherichia coli. J. Biol. Chem. 281, 16879–16887 (2006). 
 
34. Prince, D. L., Dutton, P. L., Bruce, J. M. Electrochemistry of ubiquinones, menaquinones and 
plastoquinones in aprotic solvents. FEBS Lett. 160, 273-276 (1983). 
 
163 
 
35. Fisher, N. & Rich, P. R. A motif for quinone binding sites in respiratory and photosynthetic 
systems. J. Mol. Biol. 296, 1153-1162 (2000). 
 
36. Gunner, M. R., Madeo, J. & Zhu, Z. Modification of quinone electrochemistry by the proteins 
in the biological electron transfer chains: examples from photosynthetic reaction centers. J. 
Bioenerg. Biomembr. 40, 509-519 (2008). 
 
37. Wraight, C. A., Vakkasoglu, A. S., Poluektov, Y., Mattis, A. J., Nihan, D. & Lipshutz, B. H. The 
2-methoxy group of ubiquinone is essential for function of the acceptor quinones in reaction 
centers from Rha. Sphaeroides. Biochim. Biophys. Acta 1777, 631-636 (2008). 
 
38. Haltia, T., Semo, N., Arrondo, L. R., Goni, F. M. & Freire, E. Thermodynamic and structural 
stability of cytochrome c oxidase from Paracoccus denitrificans. Biochemistry 33, 9731-9740 
(1994). 
 
39. Nicoletti, F., Witt, H., Ludwig, B., Brunori, M. & Malatesta, F. Paracoccus denitrificans 
cytochrome c oxidase: a kinetic study on the two- and four-subunit complexes. Biochim. 
Biophys. Acta 1365, 393-403 (1998). 
 
40. Bratton, M. R., Pressler, M. A. & Hosler, J. P. Suicide inactivation of cytochrome c oxidase: 
catalytic turnover in the absence of subunit III alters the active site. Biochemistry 38, 16236-
16245 (1999). 
 
41. Gilderson, G., Salomonsson, L., Aagaard, A., Gray, J., Brzezinski, P. & Hosler, J. Subunit III of 
cytochrome c oxidase of Rhodobacter sphaeroides is required to maintain rapid proton 
uptake through the D pathway at physiologic pH. Biochemistry 42, 7400-7409 (2003). 
 
42. O’Malley, P. J. Electronic structure studies of quinines and semiquinones: accurate 
calculation of spin densities and electron paramagnetic resonance parameters. Antioxid. 
Redox Signal. 3, 825-838 (2001). 
 
43. MacMillan, F., Lendzian, F. & Lubitz, W. EPR and ENDOR characterization of semiquinone 
anion radicals related to photosynthesis. Magn. Reson. Chem. 33, S81-S93 (1995). 
 
44. Frericks, H. L., Zhou, D. H., Yap, L. L., Gennis, R. B. & Rienstra, C. M. Magic-angle spinning 
solid-state NMR of a 144 kDa membrane protein complex: E. coli cytochrome bo3 oxidase. J. 
Biomol. NMR 36, 55-71 (2006). 
  
164 
 
CURRICULUM VITAE 
Myat T. Lin 
 
Education 
• Ph.D. in Biophysics and Computational Biology, GPA 4.0, University of Illinois at 
Urbana-Champaign, Urbana, Illinois, final defense date: March 29, 2010 
Dissertation Title: “EPR and Solid-state NMR Studies on the Mechanism of Cytochrome 
bo3 Ubiquinol Oxidase from Escherichia coli” 
Dissertation Advisor: Robert B. Gennis 
• B.S. in Biochemistry, with honors in Chemistry, summa cum laude, Lafayette College, 
Easton, PA, 2004 
Research Experience 
Doctoral student, Center for Biophysics and Computational Biology, University of Illinois at 
Urbana-Champaign, 2004-present, Robert B. Gennis, Advisor. 
• The binding mechanism between horse heart cytochrome c and aa3-type cytochrome c 
oxidase from Rhodobacter sphaeroides. 
• Mechanisms of cytochrome bo3 ubiquinol oxidase from Escherichia coli. 
Excel Research Scholar, Department of Mathematics, Lafayette College, Easton, Pennsylvania, 
2001-2004 
• Tracking the edge of a swimming fish using Mathematica and Java programs, Robert 
Root, Advisor. 
 
Teaching Experience 
Graduate Teaching Assistant, University of Illinois at Urbana-Champaign 
MCB 250:  “Molecular Genetics”  (Fall 2007) 
BIOC 446:  “Physical Biochemistry”  (Spring 2006, Spring 2007) 
Chem 440B:  “Introduction to Physical Biochemistry”  (Fall 2006) 
Biop 401:  “Introduction to Biophysics”  (Fall 2005) 
Selected Publications 
1. Lin MT
2. Sperling LJ, 
, Samoilova RI, Gennis RB & Dikanov SA (2008) Identification of the nitrogen 
donor hydrogen bonded with the semiquinone at the QH site of cytochrome bo3 
from Escherichia coli. J Am Chem Soc 130, 15768-15769. 
Lin MT, Frericks Schmidt HL, Tang M, Gennis RB & Rienstra CM (2010) 
Selective 13C, 15N amino acid labeling to obtain mechanistic and binding information 
of a large membrane protein complex. Manuscript in preparation. 
165 
 
3. Yap LL, Lin MT
4. Egawa T, 
, Ouyang H, Samoilova R, Dikanov SA & Gennis RB (2010) The quinone-
binding sites of the cytochrome bo3 ubiquinol oxidase from Escherichia coli. 
Manuscript submitted to Biochim Biophys Acta. 
Lin MT
5. Chang HY, Young A, Pace L, 
, Hosler JP, Gennis RB, Yeh SR & Rousseau DL (2009) Communication 
between R481 and CuB in cytochrome bo3 ubiquinol oxidase from Escherichia coli. 
Biochemistry 48, 12113-12124. 
Lin M
6. Hayashi T, 
, Lin YH & Gennis RB (2010) The diheme 
cytochrome c4 from Vibrio cholerae is a natural electron donor to the respiratory 
cbb3 oxygen reductase. Manuscript submitted to Biochemistry. 
Lin MT
7. Haug K, 
, Ganesan K, Chen Y, Fee JA, Gennis RB & Moenne-Joccoz P (2009) 
Accommodation of two diatomic molecules in cytochrome bo3: insights into NO 
reductase activity in terminal oxidases. Biochemistry 48, 883-890. 
Lin M
8. Dorrestein PC, Blackhall J, Straight PD, Fischbach MA, Garneau-Tsodikova S, Edwards 
DJ, McLaughlin S, 
 & Lonergan NJ (2005) Kinetic monte carlo study of submonolayer 
heteroepitaxial growth comparing Cu/Ni and Pt/Ni on Ni(100). J Phys Chem B 109, 
14557-14566. 
Lin M
Conference Presentations 
, Gerwick WH, Kolter R, Walsh CT, Kelleher NL (2006) Activity 
screening of carrier domains within nonribosomal peptide synthetases using 
complex substrate mixtures and large molecule mass spectrometry. Biochemistry 45, 
1537-1546.  
• “A simple spectroscopic approach and kinetic analysis to determine the competitive 
inhibition of the oxidation of ferrocytochrome c by the product, ferricytochrome c, at 
the substrate binding site of cytochrome aa3 from Rhodobacter sphaeroides” poster 
presented at the Gordon Research Conferences on Protons & Membrane Reactions, 
February 22-27, 2009, Ventura, California. 
• “Electron paramagnetic resonance and solid-state nuclear magnetic resonance studies 
on amino acid residue specific isotopically labeled cytochrome bo3 ubiquinol oxidase 
samples from Escherichia coli” poster presented at the Cell and Molecular Biology & 
Molecular Biophysics Training Grants - 21st Annual Research Symposium, November 14, 
2008, Urbana, Illinois. 
• “KMC simulations of hetero-epitaxial growth of Pt/Ni film on Ni (100)” presented at the 
18th National Conference on Undergraduate Research, April 15-17, 2004, Indianapolis, 
Indiana. 
 
Selected Awards and Fellowships 
• Predoctoral Fellowship, Center for Biophysics and Computational Biology, University of 
Illinois, Urbana, Illinois, Fall 2004. 
• Second place in Team Barge Competition of Mathematics Challeges, Lafayette College, 
Easton, Pennsylvania, Fall 2003. 
• First place in Individual Barge Contest of Mathematics Challeges, Lafayette College, 
Easton, Pennsylvania, 2002. 
166 
 
• Third place in Team Barge Competition of Mathematics Challeges, Lafayette College, 
Easton, Pennsylvania, Spring 2001. 
• The CRC Press Freshman Chemistry Achievement Award, 2001. 
 
Research Interests 
• Molecular mechanisms of redox-driven proton pumps 
• Kinetics of cytochrome c oxidases 
• Binding models for ligands and inhibitors of the terminal oxidases 
 
Relevant Coursework 
Biop 401:  Introduction to Biophysics, Fall 2004 
Chem 440B:  Introduction to Physical Biochemistry, Fall 2004 
Bioc 446:  Physical Biochemistry, Spring 2005 
Biop 420:  Molecular Biophysics, Spring 2005 
Biop 590C:  Hands-on Course in Computational Biology, Summer 2005 
Chem 574:  Genomics, Proteomics, Bioinfo, Spring 2006 
VB 550:  Detect/Anal Gene Transcripts, Spring 2009 
 
 
 
